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Abstract 
 
A magnetic vortex structure, which is formed in a ferromagnetic rectangular disk, circular disk, and 
elliptical disk, has attracted a lot of interest due to high thermal stability and structural rigidity among 
spatially non-uniform magnetization configuration. It consists of the in-plane curling magnetization 
configuration, which rotates either counterclockwise (CCW, c = +1) or clockwise (CW, c = -1), and 
out-of-plane magnetization configuration pointing either up (p = +1) or down (p = -1) which is called 
vortex core, i.e., it has energetically equivalent fourfold states. It has been known that the magnetic 
vortex is very stable and it is hard to be deformed by the dynamics of vortex core below the critical 
velocity. The magnetization distribution of the magnetic vortex is uniform along the thickness and most 
of studies using micromagnetic simulation employed two dimensional numerical calculation, i.e., the 
number of cell along the thickness is only one. The numerical simulation results are in a good agreement 
with experimental results when the thickness (< ~ 40 nm) is thin. However, the magnetization 
distribution of the magnetic vortex structure in the ground state is no longer uniform along the thickness 
when the thickness is relatively thick (> ~ 70 nm) and it causes a different dynamics compared to the 
magnetic vortex which is formed in thin ferromagnetic elements. 
This thesis treats the dynamics of the magnetic vortex structure under an in-plane rotating magnetic 
fields and an out-of-plane spin-polarized current by micromagnetic numerical simulations in relatively 
thick circular disk (> ~ 70 nm). 
Under an in-plane rotating magnetic fields, the dramatic time-varying deformation of vortex core 
during the gyration is observed in a relatively thick circular disk. Surprisingly, vortex core reversal does 
not occur although its velocity exceeds the critical velocity. Instead of vortex core reversals, the vortex 
core starts to tear up at the surface when the velocity of vortex core reaches some specific value as the 
amplitude of rotating magnetic fields increases more. 
When the magnetic vortex is driven by out-of-plane spin polarized dc current, it is well-known that 
the spin transfer torque (STT) does not influence eigenfrequency of magnetic vortex while a 
circumferential Oersted (OH) fields make shift of eigenfrequency. Accordingly, the energetically 
equivalent states of magnetic vortex are split by whether the in-plane magnetization is parallel to OH 
fields or not. However, in relatively thick circular disk, only STT can make shift of eigenfrequency of 
the magnetic vortex and it is dependent on chirality of magnetic vortex. Furthermore, each split state 
shows different dynamics. It is completely different from the dynamics of magnetic vortex driven by 
in-plane rotating magnetic fields. In case of vortex for c = -1, the vortex dynamics shows the vortex-
antivortex mediated reversal is observed regardless of whether OH fields is included or not while it 
cannot be observed under in-plane rotating magnetic fields. However, vortex for c = +1 shows the 
difference for dynamics. Only STT cannot induce vortex core reversal. It shows non-linear dynamics 
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instead of vortex core reversal, similar to the dynamics driven by rotating fields. The vortex core on the 
top surface is confined inside the small area while the vortex core on the bottom surface shows a large 
gyrotropic radius and undergo perturbation by vortex-antivortex pair. Interestingly, the vortex core 
reversal is observed when OH fields is included. However, it is achievable after chirality is reversed or 
both chirality and polarity are reversed simultaneously. 
When ac spin-polarized current is applied, the magnetic vortex shows an eigenmode, corresponding 
to the size oscillation of vortex core in the interior region analogous to the breathing mode of a magnetic 
skyrmion and radial mode of a magnetic vortex. When out-of-plane ac spin-polarized current is tuned 
to the eigenfrequency corresponding to the size oscillation of vortex core, ultrafast vortex core reversal 
can be achievable and the switching time is faster (< ~1 ns). During the reversal process, the antivortex-
vortex, edge-soliton and the injection of Bloch point at the surface cannot be observed. Interestingly, in 
the interior region, the magnetic vortex is disconnected and Bloch-point pair is formed. One Bloch point 
moves into top surface and the other moves into bottom surface with removing the original vortex core. 
Each Bloch point is annihilated at the surface layer and the reversal process is complete.  
Finally, this thesis deal with a chaotic behavior in the formation of magnetic vortex structure. There 
is a fundamental hurdles to competitive magnetic-vortex-based memory device, chaos in the nucleation 
process. This thesis show comprehensive understandings on the deterministic chaos in the nucleation 
process of magnetic vortex in a nanodisk and we show that it can be manipulated simply by the breaking 
of the static- and dynamic-symmetries. 
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Figure 1.1 (a) parallel spin arrangement induced by exchange coupling. (b) The spins which arranged 
along easy axis induced by dipole-dipole interaction. 
 
Figure 1.2 (a) The magnetic vortex structure which consists of (b) in-plane curling magnetization and 
(c) out-of-plane magnetization in the ferromagnetic nano-scaled disk. 
 
Figure 1.3 Energetically equivalent quaternary states of magnetic vortex structure. 
 
Figure 1.4 The experimental observation using (a-b) Lorentz microscopy, (c) magnetic force 
microscopy (MFM) (d) magnetic transmission x-ray microscopy (MTXM), (e) electron holography, 
and (f) spin-polarized scanning tunneling microscopy (SP-STM). 
 
Figure 1.5 The rotating sense of magnetic vortex when it shows gyrotropic motion. The vortex core 
with p = +1 (-1) rotates counterclockwise (clockwise). 
 
Figure 1.6 The snapshot of gyrotropic motion of magnetic vortex in (a) a rectangular prism and (b) a 
circular disk which is observed by MTXM.  
 
Figure 1.7 A vortex core reversals through resonant exaction of gyrotropic motion using a linearly 
oscillated magnetic fields. 
 
Figure 1.8 The high frequency mode of magnetic vortex. (a) A radial and (b) azimuthal spin wave mode 
of magnetic vortex. Fig. (c) shows the spatial distribution of FFT intensity corresponding to the radial 
and azimuthal spin wave mode. 
 
Figure 1.9 (a) The precession motion of local magnetization by Landau-Lifshitz Gilbert equation. An 
additional torque, such as (b) spin-transfer torque, (c) spin Hall torque, and (d) Rashba torque, can occur 
by an electrical current. 
 
Figure 1.10 An illustration of a representative five micromagnetic energy. 
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Figure 1.11 (a) a circular disk in real system. (b) A circular disk when FDM is employed. The each cell 
includes a local magnetization. 
 
Figure 2.1 The cross section of magnetic vortex in the Py disk with diameter 300 nm when thickness L 
= (a) 40 nm, and (b) 100 nm. (c) First layer (bottom, Layer 1) to the final layer (top, Layer 20), the 
divergence of magnetization increases. In other words, in-plane magnetization is twisted. The degree 
of twist increases with thickness. (d) The plot of the vortex core size which is defined as the volume for 
mz > 0.7 versus thickness. 
 
Figure 3.1 (a) The shifted vortex core returns to the center of the disk when 400 Oe static magnetic 
fields is turned off. (b) The trajectory of vortex core on the top and bottom layer. From Fast Fourier 
Transformation (FFT) using the x coordinate of vortex core, (c) the eigenfrequency versus thickness L 
plot is drawn. 
 
Figure 3.2 The schematic image of a Py circular disk under a counterclockwise rotating fields with 
eigenfrequency for gyrotropic mode. The red surface indicate the boundary for mz >=0.7 and the 
streamline shows in plane magnetization. That is, the initial magnetization is the magnetic vortex with 
p = +1 (upward core direction) and c = +1 (counterclockwise circularity of in-plane magnetization). 
 
Figure 3.3 The micromagnetic simulation results as the thickness L of circular disk is (a) 40 nm, (b) 70 
nm, (c) 80 nm, and (d) 100 nm when the field amplitude H0 is 10 Oe. First row shows the snapshot of 
magnetic vortex dynamics under counterclockwise rotating magnetic fields. As seen in (d), δH means 
the phase difference between the vortex core and the rotating magnetic fields. Second and third row 
show the time evolution of gyro-radii and δH. Red (Blue) color means that of vortex core on the top 
(bottom) surface and green color means that of vortex core on the middle layer. 
 
Figure 3.4 The dynamic properties when L = 100 nm. The phase difference δH versus the fields when 
(a) c = +1 and (b) c = -1. The dynamic susceptibility χ versus the frequency of rotating magnetic fields 
when (c) c = +1 and (d) c = -1. All results is in the regime of linear dynamics of magnetic vortex. Black 
(Bluish green) line shows the properties of the top (bottom) surface and Red (Blue) line shows the 
properties of the middle layer near the top (bottom) surface. The grey vertical line shows the 
eigenfrequency of magnetic vortex. 
 
Figure 3.5 The vortex core reversal process when L = 70 nm. (a) The snapshot of the vortex-antivortex 
mediated reversal process. (b) The velocity of vortex core before the vortex core reversal. 
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Figure 3.6 The nonlinear dynamics of magnetic vortex in a circular disk with L = 80 nm, and H0 = 20 
Oe. (a) The gyro-radii and (b) the velocity of vortex core are not constant. Each color in (a) and (b) 
means the individual dynamic regions and it is distinguished by boundaries for the sign of acceleration 
of vortex core on the top and bottom surface. The trajectories of individual regions is shown in (c). 
 
Figure 3.7 The gyro-radii when the amplitude increases (a), (c), (e) non-adiabatically and (d), (f) 
adiabatically in the circular disk with (c-d) L = 80 nm, and (a), (e-f) 100 nm. The amplitude H0 is 
following : (a) 40 Oe, (c-d) 25 Oe, and (e-f) 50 Oe. Fig. (b) shows the time evolution of amplitude H0 
to mimic an adiabatic process. Initially, H0 increases with a gradient 0.25 Oe / ns and at the 25 Oe (50 
Oe), H0 is fixed at the Fig. (d) (Fig. (f)). 
 
Figure 3.8 Two types of tearing up a vortex core at (a-b) the bottom surface and at (c) the top surface. 
At the bottom surface, the torn vortex core (vortex tube structure) is annihilated by (a) the collision with 
the edge and (b) combination with new nucleated non-zero mz. 
 
Figure 3.9 At the bottom surface, the annihilation process of vortex tube by (a) the collision with the 
edge of disk and the combination with non-zero mz which consists of vortex-antivortex pair.  
 
Figure 3.10 The three-dimensional image of vortex tube structure. 
 
Figure 3.11 (a) The phase diagram of vortex dynamics with varying H0 and L. The green region shows 
the non-linear and the linear gyrotropic motion of vortex core. The blue region means the vortex core 
reversals. The red color means the vortex core tearing. The yellow region means that the magnetic 
vortex shows gyrotropic motion in the adiabatic process and tearing up a vortex core in the non-
adiabatic process. (b) The required velocity for tearing up vortex core at the top surface (magenta circle) 
and bottom surface (cyan circle). The region colored in yellowish green in Fig. (b) is a critical velocity 
required for vortex core reversals in Py disk. 
 
Figure 3.12 (a) The isolated magnetic vortex structure. (b) The strength of OH fields versus the distance 
r from the center of the disk. 
 
Figure 3.13 The shift of eigenfrequency of magnetic vortex when the out-of-plane spin polarized 
current is applied. At each point, the magnetic vortex shows the linear gyrotropic motion. An orange 
color and green color mean c = +1 and c = -1. The open triangle includes both STT and OH fields while 
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the closed triangle does not consider the OH fields. The dotted line and open yellow circle is the 
eigenfrequency when there is no electrical current. 
 
Figure 3.14 The vortex core reversals process when c = -1 and u = 30 m/s considering only STT. 
 
Figure 3.15 The nonlinear dynamics of magnetic vortex driven by only STT when c = +1 and u = 30 
m/s. The time evolution of (a) velocity and (b) gyro-radii. The grey regions is the critical velocity 
required for vortex core reversals. The three regions t1, t2 and t3 are divided by the vortex dynamics. (c) 
The snapshot of vortex dynamics in the region t3 when u = 20m/s. 
 
Figure 3.16 A time evolution of (a) gyro-radii and (b) trajectories of vortex core on the top surface. The 
trajectories means the vortex core position from 0 ns to 100 ns. Each column shows the dynamics when 
u = 30 m/s, 50 m/s and 70 m/s from the left side to the right side. 
 
Figure 3.17 The snapshot of vortex core reversals process when u = 30m/s. 
 
Figure 3.18 The snapshot of vortex core reversals process when u = 25m/s. 
 
Figure 3.19 The four model systems. [mpTop, mpBottom] = (a) [-1, -1], (b) [+1, +1], (c) [-1, +1], and (d) 
[+1, -1]. 
 
Figure 3.20 The results obtained from FFT of the temporal oscillations of mz over the entire disk. (a) 
The averaged value of FFT intensity versus the frequency. The gray dotted lines mean the peaks at 6.2 
GHz, 8.7 GHz, 11.8 GHz, and 13.7 GHz. (b) The spatial distribution of FFT intensity corresponding 
the dotted line in (a) and it is drawn in the system where the magnetization of both polarizer is downward 
direction. 
 
Figure 3.21 the snapshot of the vortex dynamics when it is excited by out-of-plane spin-polarized 
current with the driving frequency ωD/2π = 6.2, 8.7, 11.8, and 13.7 GHz. 
 
Figure 3.22 FFT results of the temporal oscillations of mz over the entire disk (a) when considering 
only ths oscillation of STT and (b) when considering only the oscillation of OH fields. The averaged 
value of FFT intensity versus the frequency is plotted. The gray dotted lines mean the peaks at 6.2 GHz, 
8.7 GHz, 11.8 GHz, and 13.7 GHz. 
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Figure 3.23 Spatial distributions of FFT intensity and phase induced by (a) only STT and (b) only OH 
fields and (c) both STT and OH fields. 
 
Figure 3.24 The beating mode-assisted vortex core reversals. In the interior region, Bloch point pair 
(grey sphere) is nucleated with disconnecting of vortex core by formation of negative mz when u0 = 25 
m/s. In this case, red (blue) surface means the boundaries for mz ≥ 0.9. 
 
Figure 3.25 The results obtained from FFT of the temporal oscillations of mz over the entire disk in 
aids of out-of-plane sinc function fields. (a) The averaged value of FFT intensity versus the frequency 
is plotted. The gray dotted lines mean the peaks at 6.2 GHz, 12 GHz, 14.2 GHz, and 16.6 GHz. (b) The 
spatial distribution of FFT intensity corresponding the dotted line in (a). 
 
Figure 4.1 (a) The schematic image of a magnetically saturated circular disk along y-direction. To 
mimic experiment, (b) the exponentially decaying fields Hy with time constant τ = 2 ns is employed. 
 
Figure 4.2 The time evolution of the total magnetic energy during the relaxation process in magnetically 
saturated (a) circular disk and asymmetric disk. 
 
Figure 4.3 The chaos in the nucleation of magnetic vortex structure in a circular disk. (a) A snapshot 
of four nucleation process of magnetic vortex among a lot of nucleation paths. A color means the 
average value of mz along thickness. (b) The time evolution of the curl of normalized M ( ), the 
average value of mz (<mz>).  means the curling of magnetization configuration and its sign is 
corresponded to the chirality of magnetic vortex. Likewise, a sign of <mz> at the ground state is the 
polarity of magnetic vortex. 
 
Figure 4.4 The schematic image of a magnetically saturated asymmetric disk along y-direction. The 
decaying fields is described as shown in Fig. 4.1(b). 
 
Figure 4.5 The chaos in the nucleation of magnetic vortex in an asymmetric disk. (a) The snapshot of 
two nucleation paths of magnetic vortex. The time evolution of curl is always negative. (c) and (d) show 
a time evolution of <mz> and <mx> in a time where marked in Fig. 4.5a. (e) A time evolution of <my> 
shows the rapid decrease of <my> induced by nucleation of magnetic vortex and gyrotropic motion of 
magnetic vortex. 
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Figure 4.6 The implicit relation between <mz> and <mx> originated from LLG equation. A trajectories 
of <mz> vs <mx> when gyromagnetic ratio (a) γ > 0 and (c) γ < 0 in the asymmetric disk before a 
magnetic vortex is nucleated at the flat edge. The snapshot of magnetization at the flat edge when 
symmetry breaking occurs with (e) γ > 0 and (d) γ < 0. 
 
Figure 4.7 The time evolution of M distribution at the surface of the asymmetric disk when (a) γ > 0 
and (b) γ < 0. 
 
Figure 4.8 The manipulation of magnetic vortex using an external fields along (a) x-direction and (b) 
z-direction. 
 
Figure 4.9 A trajectories of <mz> vs <mx>in the asymmetric disk before a magnetic vortex is nucleated 
at the flat edge when external fields is applied along (a) x-direction and (b) z-direction. The solid line 
means γ > 0 and dotted line means (c) γ < 0. Red (Blue) color means that the final spin state is magnetic 
vortex with p = +1 (-1) 
 
Figure 4.10 The schematic image of a magnetically saturated asymmetric disk. The saturation direction 
is tilted with respect to the y-direction. The decaying fields is described as shown in Fig. 4.1(b). 
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1. Introduction 
These days, thanks to remarkable development of the electronic technology, we live in comfortable 
circumstances which were unavailable in times past. The digital information storage device and 
processing device play an important role in electronic age. However, these electronic device uses the 
mechanical moving. In cased of hard disk drives, it works by moving read/write heads. It is slow, and 
spend a lot of energy cost. Also, it is easy to lose data and be broken by the collision. 
In nanometer-scaled ferromagnetic elements, magnetization dynamics have been studied in the fields 
of naomagnetism and spintronics due to fundamental interests and technological applications and many 
researchers are trying to solve the problem of present electronic device using the magnetization 
dynamics. Especially, the dynamics of spatially non-unfirom magnetization configuration have 
attracted. For example, STT-MRAM (Spin Transfer Torque-Magnetic Random Access Memory) [1-4] 
will be released commercially to replace DRAM (Dynamic Random Access Memory). Racetrack 
memory, proposed by IBM group leader, Stuart S.P.Parkin, is a hot issue in the magnetic academic 
world using moving of domain wall induced by current [5,6]. 
Especially, magnetic vortex structure, which is formed in a ferromagnetic rectangular disk, circular 
disk, and prism, has attracted a lot of interest due to high thermal stability and structural rigidity among 
spatially non-uniform magnetization configuration. The magnetic vortex structure consists of the in-
plane curling magnetization configuration, which rotates either counterclockwise (CCW, c = +1) or 
clockwise (CW, c = -1), and out-of-plane magnetization configuration pointing either up (p = +1) or 
down (p = -1) which is called vortex core , i.e., it has energetically equivalent fourfold states. A vortex 
core reversals can be achievable through the resonant excitation of their eigenmode with low power. 
For these reason, VRAM (Vortex Random Access Memory) is proposed [7] and prototype of VRAM 
is manufactured by the foremost scientists [8,9]. Furthermore, a dynamic properties of vortex core 
makes possible manufacture new type of spin torque vortex oscillators (STVOs) [10-12]. However, it 
has been studied in a thin film for over the past decade, i.e. two dimensional (2D) system. 
Recently, advanced sample fabrication and super computing system make a lot of studies of three 
dimensional (3D) system such as spheres [13,14], half spheres [15], and spherical shells [15-17], be 
possible. It shows that magnetic vortex in 3D system has a rich variety of the dynamics compared to 
that in 2D system. It is reported flexure oscillations of the vortex core with higher order frequency along 
the disk thickness [18-22]. However, the understanding the dynamics of magnetic vortex formed in 
thick circular disk is insufficient yet. 
This thesis shows the dynamics of the magnetic vortex structure under in-plane rotating magnetic 
fields and spin transfer torque (STT) by micromagnetic numerical simulations in 3D system. Chapter 1 
introduces magnetic vortex structure, its dynamic properties and micromagnetic simulations. In Chapter 
2, the thickness dependence of magnetic vortex structure is presented. In Chapter 3, the magnetic vortex 
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dynamics under in-plane rotating magnetic fields, DC out-of-plane spin-polarized current and AC out-
of-plane spin-polarized current. Finally, in Chapter 4, the formation of magnetic vortex structure is dealt 
with. In Chapter 5, a magnetic vortex dynamics in relatively thick circular disk are summarized. 
 
1.1 Introduction to magnetic vortex structure 
A magnetic vortex structure is one of a non-uniform magnetization configuration in a ferromagnetic 
nano-scaled element. The magnetic vortex is stabilized by the competition between exchange energy 
and magnetostatic energy. Within the framework of exchange energy, the system is stable when the 
spins is parallel to each other (See Fig. 1.1(a)). In contrast, the magnetostatic energy is lowest when 
there is no free pole in the sample. As seen in Fig. 1.1(b), all spins are arranged along a longitudinal 
direction and this arrangement makes free pole minimized. In other words, it minimizes emitting stray 
fields. 
 
Figure 1.1 (a) parallel spin arrangement induced by exchange coupling. (b) The spins which arranged 
along easy axis induced by dipole-dipole interaction. 
 
Accordingly, the competition between two energies causes a unique spin configuration in the nano-
scaled ferromagnetic element. All spins at the edge are parallel to the spin in order to decreases 
magnetostatic energy. As a result, this unique structure has in-plane curling magnetization (See Fig. 
1.2(b)). However, at the center, the singularity occurs, which causes explosion of the exchange energy 
when in-plane curling magnetization maintain (See Fig. 1.2(c)). It makes out-of-plane magnetization at 
the center in order to avoid explosion of the exchange energy. It is called magnetic vortex due to 
appearance analogous to typhoons, as presented in Fig. 1.2(a).  
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Figure 1.2 (a) The magnetic vortex structure which consists of (b) in-plane curling magnetization and 
(c) out-of-plane magnetization in the ferromagnetic nano-scaled disk. 
 
The magnetization is aligned at the edge for decreasing the free pole. As above mentioned, there is 
out-of-plane magnetization structure at the disk center and it is called the vortex core. A magnetic vortex, 
which consist of a chirality c which means in-plane curling magnetization direction and a polarity p 
which means the vortex core direction, i.e., it has energetically equivalent fourfold states in shown Fig. 
1.3. p = +1 (-1) means upward (downward) core direction and c = +1 (-1) means counterclockwise 
(clockwise) direction. 
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Figure 1.3 Energetically equivalent quaternary states of magnetic vortex structure. 
 
In the past, the existence of magnetic vortex structure was only studied by the physical theory due to 
absence of an imaging and sample fabrication technique. The first observation of magnetic vortex is 
achieved in 1965 by M. S. Cohen using Lorentz microscopy [23]. A Lorentz microscopy is used for 
observation of chirality of magnetic vortex structure [23,24]. As time goes, Shinjo observed the 
magnetic vortex core using magnetic force microscopy (MFM) in 2000 [25]. Miltat and Thiaville 
observed magnetic vortex using low angle diffraction in 2002 [26]. Wachowiak used spin-polarized 
scanning tunneling microscopy (SP-STM) to show the polarity and chirality in a Fe island and it showed 
vortex core size obviously [27]. The chirality and polarity of magnetic vortex can be observed by 
magnetic transmission x-ray microscopy (MTXM) [28]. 
5 
 
 
Figure 1.4 The experimental observation using (a-b) Lorentz microscopy, (c) magnetic force 
microscopy (MFM) (d) magnetic transmission x-ray microscopy (MTXM), (e) electron holography, 
and (f) spin-polarized scanning tunneling microscopy (SP-STM) [23-28]. 
 
1.2 Dynamic properties of magnetic vortex 
The magnetic vortex has a variety of dynamic modes such as gyrotropic mode [29], azimuthal and 
radial spin wave mode [30-32]. Such dynamic characteristics gives a possibility to develop a nano-
oscillator and signal transfer device. In this section, the dynamic modes of magnetic vortex are 
introduced. 
 
1.2.1. Low frequency mode 
The gyrotropic mode is the low frequency translational mode magnetic vortex. It has been predicted 
from Thiele equation [29,33] which can be derived by Landau-Lifhsitz Gilbert (LLG) equation . 
( )
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The frequency of gyrotropic modes can be calculated based on the two vortex side-charge free model 
and its value 0
p G D

 

. It is well corresponded to the system where the aspect ratio L/R << 1. 
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Figure 1.5 The rotating sense of magnetic vortex when it shows gyrotropic motion. The vortex core 
with p = +1 (-1) rotates counterclockwise (clockwise). 
 
This dynamic motion of vortex core have been observed by time-resolved MTXM [34]. 
 
Figure 1.6 The snapshot of gyrotropic motion of magnetic vortex in (a) a rectangular prism and (b) a 
circular disk which is observed by time-resolved MTXM.  
 
S.-B. et al., observed the gyrotropic motion of magnetic vortex which is formed in the rectangular 
prism in 2004 using time-resolved MTXM [35]. Then, gyrotropic motion of magnetic vortex in a 
circular is also observed using time-resolved MTXM [36]. The most interesting point of gyrotropic 
mode is that vortex core reversal occurs if the external stimulus is applied to the magnetic vortex with 
the frequency corresponding the eigenfrequency of gyrotropic mode [37-39]. 
 
Figure 1.7 A vortex core reversals through resonant exaction of gyrotropic motion using a linearly 
oscillated magnetic fields. 
7 
 
 
1.2.2. High frequency mode 
 
Figure 1.8 The high frequency mode of magnetic vortex. (a) A radial and (b) azimuthal spin wave mode 
of magnetic vortex. Fig. (c) shows the spatial distribution of FFT intensity corresponding to the radial 
and azimuthal spin wave mode. 
 
An azimuthal spin wave mode and radial spin wave mode is the spin wave mode of magnetic vortex 
structure with a high frequency [30-32]. It can be divided by the number of node on the in-plane. A 
resonant excitation with these modes make vortex core reversal with low power [40-42]. The resonant 
excitation with high frequency spin wave mode reduces the switching time compared to the vortex core 
reversals through the resonant excitation with gyrotropic mode.  
 
1.3 Micromagnetic simulations 
All energy, related to the magnetization procession, can be considered as the perturbation by adding 
to the Heisenberg Hamiltonian. However, a lot of approximation is necessary to solve it quantum 
mechanically. As a results, classical theory, which consider an atomic spin as a classical vector in a 
continuous medium, has been developed. Landau and Lifshitz published the paper in 1935 [43] and it 
is considered as the start of micromagnetics and Brown named this theory micromagnetics [44]. The 
micromagnetics is powerful tool for describing the spin procession and it is widely used for spintronics 
research. This part manipulate time evolution of magnetization and micromagnetic simulation. 
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Landau and Lifshitz proposed the equation describing the dynamic properties of magnetization and 
it is modified with substituting damping term with the time evolution of magnetization [45]. It is called 
the Landau-Lifshitz-Gilbert (LLG) equation. 
 eff STT SHT RT
s
d d
dt M dt


 
        
 
M M
M H M T T T   (1.1) 
M is the magnetization vector and γ is the gyromagnetic ratio and α is the Gilbert damping constant 
and Ms is the saturation magnetization. In equation (1.1), Heff is the effective field and it is expressed as 
the derivative of total energy Heff = -δE/δM. The effective field is separated into the exchange field Hexch, 
the anisotropy field Hani and the demagnetization field Hdemag and Zeeman field HZeeman and 
Dzyaloshinskii-Moriya field HDM. That is, Heff = Heff + Hani + Hdemag + HZeeman + HDM . Each effective 
field can be obtained from the negative variational derivative of the energy density. 
The electrical currents makes the torque at the local magnetization. TSTT, TSHT and TRT are spin-
transfer torque (STT) [1,2], spin Hall torque (SHT) and Rashba torque (RT). Both spin Hall torque and 
Rashba torque are called spin-orbit torque (SOT) [46,47]. 
   2ˆ ˆSTT
s s
u
x u x
M M

    T M M M  (1.2) 
 2 ˆSHT SH
s
H y
M

  T M M  (1.3) 
 ˆ ˆRT FT ST R R
s
H y H y
M

        T T T M M M  (1.4) 
Spin transfer torque is the torque originated from the interaction between a conduction electron and 
local magnetic moment [1,2,48,49]. A spin of conduction electron is changed by the local magnetization 
of the magnetic layer when the conduction electron pass through the magnetic layer. To conserve the 
angular momentum, there occurs the torque at the local magnetization. A spin Hall torque and Rashba 
torque is originated from spin orbit coupling. Spin Hall torque is originated from a spin Hall effect and 
Rashba torque is originated from a Rashba effect[46,47]. This two effects is dominant compared to the 
spin-transfer torque when the system is under strong spin orbit coupling [46,50-54]. 
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Figure 1.9 (a) The precession motion of local magnetization by Landau-Lifshitz Gilbert equation. An 
additional torque, such as (b) spin-transfer torque, (c) spin Hall torque, and (d) Rashba torque, can occur 
by an electrical current. 
 
1.3.1. Micromagnetic energy 
 
Figure 1.10 An illustration of a representative five micromagnetic energy. 
 
The magnetization configuration in ferromagnetic materials is determined by a lot of magnetic 
energies. The exchange energy is quantum-mechanical energy which describes the interaction with 
neighbor spin. The magnetostatic energy is originated from the interaction between spins and stray 
fields induced by neighbouring spin, i.e., dipole-dipole interaction. The magnetocrystalline anisotropy 
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energy is the energy by coupling with lattice, orbit and spin. Zeeman energy is the interaction between 
an external magnetic fields and spin. Dzyaloshinskii-Moriya energy is induced by the broken symmetry 
in B20 materials or interface [55,56]. In this section, the contents are summaries of Ref.[57-59]. 
 
1.3.1.1. Exchange energy 
In the Heisenberg model, spin Hamiltonian is described as  
,
,
H 2 i j i j
i j
J   S S  (1.5) 
As an atomic spin S is considered as the classical vector and the exchange energy is 
2
,2 cos i j
neighbours
JS    (1.6) 
In the continuous medium, ϕi,j is small. That is, the energy loss when the atomic spin is changed from 
all parallel spins state can be approximated into 
2 2 2 2 2
, , ,
1
2 (1 cos ) 4 sin
2
exchange i j i j i j
i i i
E JS n JS n JS n   
 
    
 
    (1.7) 
In micromagnetics, this energy loss is considered as the exchange energy by redefining the reference 
state. Accordingly, exchange energy is redefined as  
2 2
,exchange i j
neighbours
E JS     (1.8) 
Also, ϕi,j can be re written as (si ·▽)m and si means the position vector and m is a unit vector which 
is parallel to the spin direction and the magnetization vector. As a results, for simple cubic lattice, 
exchange energy is defined as 
 
22
exchange i e
neighbours
E JS s w d      
is
m  (1.9) where 
     
22 2
e ex x y zw A m m m
      
  
 (1.10), Aex = 2JS2/ɑ and ɑ is a lattice constant. 
 
1.3.1.2. Magnetostatic energy 
The magnetostatic energy can be derived from Maxwell equation. 
0 B  (1.11) 
0
t


  

E
H J  (1.12) 
From Eq. (1.8), ▽·H = -▽·M. H can be written using a magnetic scalar potential H = -▽ϕ. if the 
current density J and time derivative of electric field vanishes in Eq. (1.13). As a results, a magnetic 
scalar potential can be rewritten as 
11 
 
2 M  (1.14) 
It is in the form of Poisson equation. The solution of the magnetic scalar potential is  
2
ˆ1
'
4
V
dV


 

 
M
 where '  r r  (1.15) 
Using 
2
ˆ1
'

 
 
  
 
, 
1 1
' '
4
1 1
' ' ( ' '
4
V
V V
dV
dV dV

 
  
 
   
 
  
       
  

 
M
M
  M)
  (1.16) 
By divergence rule,  
1 ' 1 ( ') ( ')
' ' ' '
4 ' ' 4 ' '
V S V S
dV dS dV dS
 

 
     
       
      
   
M n M r r
r r r r r r r r
 (1.17) 
where ρ = -▽’·M is a volume charge density and σ = -n·M   n M  is a surface charge density. 
Using 
1
2
dV  M H  and H = -▽ϕ, we can derive the magnetostatic energy. For example, in a 
uniformly magnetized ellipsoidal medium, -▽’·M = 0 and the magnetic scalar potential is 
1
'
4 '
S
dS

 

n
M
r r
.  
Accordingly, demagnetizing field is  
1 1
' '
4 ' 4 '
S S
dS dS
 
   
                
 
M n n
H M
r r r r
 (1.18) 
M is considered as a constant and it can be taken out of the integral and the differentiation and it 
means the demagnetizing field is linear function and it can be expressed as Hi = -Nij·Mj  and Nij is the 
demagnetizing tensor. Likewise, the magnetostatic energy is represented as 
2
11 12
1 1
2 2
1
( )
2
magnetostatic ij j
x x y
E dV dV
V N M N M M
     
   
 M H M N M  
               
 (1.19) 
 
1.3.1.3. Magnetocrystalline anisotropy energy 
Magnetocrystalline anisotropy is an intrinsic properties and its origin is spin-orbit coupling. Both 
easy axis and hard axis are determined by the crystal symmetry. That is, the dynamics of magnetization 
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is different as there exists a magnetocrystalline anisotropy. For the simple cubic structure, the 
magnetocrystalline energy is given by 
2 2 2 2 2 2 2 2 2
1 1 2 2 3 3 1 2 1 2 3( ) ( )ani c cE K K dV              (1.20) 
K1c and K2c are the anisotropy constants and αi is the direction cosine of the magnetization. For the 
hexagonal structure, generally the direction of easy axis is c-axis. A magnetization process is the same 
regardless of the direction in the basal plane. It is called as a uniaxial magnetocrystalline anisotropy and 
it is given by 
2 4
0 1 2sin sinaniE K K K dV      (1.21) 
Ki is the anisotropy constants and θ is the angle between the magnetization and c-axis. 
 
1.3.1.4. Dzyaloshinskii-Moriya energy 
When there exists the inversion symmetry breaking, antisymmetric exchange coupling occurs and it 
is called Dzyaloshinskii-Moriya interaction (DMI). It is expressed as 
DM ij i j
neighbours
E d S S    (1.22) 
For interfacial DMI, the DM interaction vector ˆij ijd ds  z , DM energy is rewritten as 
   ˆDM ij i j
neighbours
E ds S S    z  (1.23) 
Using A⋅(B×C)=C⋅(A×B)=B⋅(C×A), the DM energy can be rewritten as 
ˆ( )DM j ij i
neighbours
E d S s S      z  (1.24) 
Using (A×B)×C=−A(B⋅C)+B(A⋅C), the DM energy can be rewritten as 
2 ˆ( ) ( )( )DM z j ij j i ij
neighbours
E dS m m s m m s        z  (1.25) 
For simple cubic lattice, along positive x direction, and mj ~ (dmj/dx)ɑ  
2 x z
DM z x
neighbours
dm dm
E dS a m m
dx dx
 
   
 
  (1.26) 
Along negative x direction, j = i-1 and mj ~ -(dmj/dx)ɑ, it causes the same results as Eq.(1.26). 
Likewise, along y direction, 
2
22
y z
DM z y
neighbours
yxz z
x z y z
neighbours
dm dm
E dS a m m
dy dy
dmdmdm dm
dS a m m m m
dx dx dy dy
 
   
 
  
     
   

       
 (1.27) 
By changing it into integral form, 
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2
2
2
2
2
2
2
2
yxz z
DM x z y z
yxz z
x z y z
yxz z
x z y z
dmdmdm dmt dS a
E m m m m dr
Nta dx dx dy dy
dmdmdm dmdS
t m m m m dr
Nat dx dx dy dy
dmdmdm dm
t D m m m m dr
dx dx dy dy
   
      
    
   
      
    
   
      
    

       
       
 (1.28) 
 
For Bulk DMI, the DM interaction vector dij = dsij, DM energy is rewritten as 
     2DM ij i j i j ij i j ij
neighbours neighbours neighbours
E d s S S d S S s dS m m s            (1.29) 
For simple cubic lattice, along positive x direction, and mj ~ (dmj/dx)ɑ, 
2 ˆ
DM
neighbours
dm
E dS a m
dx
 
   
 
 x  (1.30) 
Likewise, 
 2 2ˆ ˆ ˆDM
neighbours neighbours
dm dm dm
E dS a m dS a m m
dx dy dz
     
              
     
 x y z  (1.31) 
By changing it into integral form, 
2
3
3
2
3
2
3
1
2
2
DM
dS a
E m m dr
Na
dS
m m dr
Na
Dm m dr
  
  
 



      
      
(1.32) 
 
1.3.1.4. Zeeman energy 
When the ferromagnetic materials is under the external field, spins interacts with the external fields. 
The interaction between atomic spins and magnetic field is called Zeeman interaction. The Zeeman 
energy is expressed as 
Zeeman extE dV  M H   (1.33) 
 
1.3.2. The software for solving micromagnetic problem 
There are a various software for solving micromagnetic problem. The software are classified into two 
groups by how to solve the differential equation : Finite difference method (FDM)-based software and 
finite element method (FEM)-based software. FDM and FEM are numerical methods for solving partial 
differential equations. FDM is a method by. Object Oriented Micro Magnetic Framework (OOMMF) 
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code [60] and mumax code [61] are a widely used micromagnetic software based on the FDM. Magpar 
[62] and Nmag [63] are a representative software based on the FEM. In this thesis, we employed 
mumax3 and OOMMF to solve LLG equation based on the FDM. Especially mumax3 calculates a spin 
dynamics using graphic processing unit (GPU) paralleling computing. That is, the rate of calculation is 
very fast compared to the CPU-based simulation code. As seen in Fig. 1.11, FDM used the rectangular 
grid to solve the differential equation and each cell includes a local magnetization. 
 
Figure 1.11 (a) a circular disk in real system. (b) A circular disk when FDM is employed. The each cell 
includes a local magnetization. 
 
In this thesis, we choose a ferromagnetic materials as a Ni80Fe20 alloy, called Permalloy (Py). The 
following table shows the material parameters of Permalloy. 
 
Table 1.1 The material parameters of Permalloy. 
Material Parameters 
Symbol
s 
SI Units cgs Units 
Gyromagnetic ratio γ 2.211 × 105 (m/As) 2.8 × 2π (MHz/Oe) 
Saturation Magnetization Ms 8.6 × 105 (A/m) 860 (emu/cm3) 
Exchange constant Aex 1.3 × 10-11 (J/m) 1.3 × 10-6 (erg/cm) 
Damping constant α 0.01 0.01 
Cubic anisotropy constant Kc1, Kc2 0 (J/m3) 0 (erg/cm3) 
Interfacial Dzyaloshinski-Moriya constant D 0 (J/m2) 0 (erg/cm2) 
Bulk Dzyaloshinski-Moriya constant D 0 (J/m2) 0 (erg/cm2) 
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2. Magnetic vortex structure in relatively thick circular disk 
With increasing interest of 3-dimensional (3D) ferromagnetic element, the magnetic vortex formed 
in 3D system has been studied. In a circular disk, it is well-known that the magnetic vortex is no longer 
homogeneous along the thickness [64]. In this section, we shows an inhomogeneous magnetization of 
magnetic vortex structure with varying the thickness. 
 
2.1. Thickness dependence of magnetic vortex structure 
 
Figure 2.1 The cross section of magnetic vortex in the Py disk with diameter 300 nm when thickness L 
= (a) 40 nm, and (b) 100 nm. (c) First layer (bottom, Layer 1) to the final layer (top, Layer 20), the 
divergence of magnetization increases. In other words, in-plane magnetization is twisted. The degree 
of twist increases with thickness. (d) The plot of the vortex core size which is defined as the volume for 
mz > 0.7 versus thickness. 
 
It is well known that the magnetic vortex structure is not homogeneous along the thickness in 3D 
nanostructure [20,64]. In Fig. 2(a), as L increases, vortex core in the interior region is expanded and in-
plane magnetization is twisted regardless of chirality. Fig. 2(b-c) shows the definite difference between 
the magnetization in the thin medium and thick medium. In the thin medium, the in-plane magnetization 
is a flux closure structure to reduce magnetostatic energy and it results in zero value of the divergence 
of in-plane magnetization. For example, as seen in Fig. 2(b), the divergence is nearly zero and the 
gradient of divergence is also nearly zero. However, there are large gradient of magnetization when L 
= 100 nm. It shows definitely twist of magnetization. Furthermore, the volume of mz > 0.7 per thickness 
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increases, i.e, the size of vortex core increases with L.  
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3. Magnetic vortex dynamics 
It shows that magnetic vortex in three dimensional nanostructures has a rich variety of the dynamics 
compared to that in two dimensional nanostructures. Furthermore, it is reported flexure oscillations of 
the vortex core with higher order frequency along the disk thickness in a relatively thick circular disk, 
elliptical disk, and prism [18-22]. However, the understanding the dynamics of magnetic vortex formed 
in thick circular disk is insufficient yet. 
 
3.1. The variation of eigenfrequency of magnetic vortex gyration  
 
Figure 3.1 (a) The shifted vortex core returns to the center of the disk when 400 Oe static magnetic 
fields is turned off. (b) The trajectory of vortex core on the top and bottom layer. From Fast Fourier 
Transformation (FFT) using the x coordinate of vortex core, (c) the eigenfrequency versus thickness L 
plot is drawn. 
 
Based on the Thiele’s approach, the eigenfrequency of magnetic vortex structure is linearly increased 
with thickness of a circular disk. However, this results is just corresponded to thin circular disk. 
Basically, In Thiele’s approach, it is assumed that the magnetic vortex structure is homogeneous along 
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the thickness and it result in the mismatch between the Thiele’s approach and numerical simulation 
results. In order to calculate the eigenfrequency of magnetic vortex with varying the thickness, we 
applied a static magnetic fields along a positive y direction and it makes the shift of vortex core along 
x direction. Then, the applied magnetic fields is immediately released to zero. It result in the gyrotropic 
motion and then vortex core goes to the center of disk. Through Fast Fourier Transform (FFT) of x-
component of vortex core, we obtained Fig. (c) and it allows previous well-known trends with varying 
the thickness [18,29]. 
  
19 
 
3.2. Vortex dynamics under rotating magnetic field 
In relatively thin disk, the magnetic vortex is specified by the rotating magnetic fields. A linearly 
oscillated fields is a superposition of two rotating magnetic fields. One has a counterclockwise rotating 
sense and the other has a clockwise rotating sense [65]. A counterclockwise (clockwise) rotating 
magnetic fields shows a resonance with a magnetic vortex with p = +1 (-1) regardless of the chirality. 
Accordingly, we specified the dynamics of magnetic vortex using a rotating magnetic fields. 
 
Figure 3.2 The schematic image of a Py circular disk under a counterclockwise rotating fields with 
eigenfrequency for gyrotropic mode. The red surface indicate the boundary for mz >=0.7 and the 
streamline shows in plane magnetization. That is, the initial magnetization is the magnetic vortex with 
p = +1 (upward core direction) and c = +1 (counterclockwise circularity of in-plane magnetization). 
 
We used micromagnetic simulator, mumax3 code [61], to study the thickness dependence of the 
dynamics of magnetic vortex, which is based on the Landau Lifshitz Gilbert (LLG) equation, dm/dt =-
|γL|[m×Heff]+α[m×(dm/dt)], where γL = γ/(1+α2). It describes the dynamic motion of normalized 
magnetization, m, with the gyromagnetic ratio, γ, the effective field, Heff, the saturation magnetization, 
Ms, the Gilbert damping constant α. As a model system, we considered a Permalloy (Py, Ni79Fe21), 
circular disk of 2R = 300 nm diameter with varying the thickness L and it is presented in Fig. 3.2(a). 
The initial magnetization of Py circular disk is the magnetic vortex which has the upward out-of-plane 
magnetization, corresponding to polarity p = +1 with chirality c = +1 represented by a counterclockwise 
(CCW) in-plane curling magnetization. In order to excite magnetic vortex, we applied a CCW rotating 
magnetic fields of the eigenfrequency for gyrotropic mode H=H0[cos(ωDt)+sin(ωDt)]. An unit cell size 
which our system used is 2 × 2 × 5 nm3.  
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3.2.1. A phase and gyro-radii of vortex core gyration 
 
Figure 3.3 The micromagnetic simulation results as the thickness L of circular disk is (a) 40 nm, (b) 70 
nm, (c) 80 nm, and (d) 100 nm when the field amplitude H0 is 10 Oe. First row shows the snapshot of 
magnetic vortex dynamics under counterclockwise rotating magnetic fields. As seen in (d), δH means 
the phase difference between the vortex core and the rotating magnetic fields. Second and third row 
show the time evolution of gyro-radii and δH. Red (Blue) color means that of vortex core on the top 
(bottom) surface and green color means that of vortex core on the middle layer. 
 
As reported earlier, the vortex core with p = +1 is excited by counterclockwise rotating magnetic 
fields with eigenfrequency and show the gyrotropic motion where the trajectory is exactly circular shape 
[65,66]. Similarly, our results show the circular trajectories of vortex core regardless of the thickness. 
As seen Fig. 3.3(a), the resultant data (when L = 40 nm) is the same as aleardy reported works [65]. The 
magnetic vortex is rarely deformed and their phase difference δH is almost homogeneous along the 
thickness with keeping its structure. However, Fig. 3.3(b)-(d) show the definte difference compared to 
reported works. During the gyrotropic motion, the magnetic vortex undergoes the dynamic deformation 
and then it causes non-uniform δH along thickness although the vortex dynamics is performed in the 
perfectly circular disk, not in elliptical disk or prism. That is, in the relatively thick disk, the magnetic 
vortex core is elongated and Interestingly, the gyro-radii is not uniform along the thickness [67]. When 
L = 70 nm (See Fig. 3.3(b)), the gyro-radii of vortex core on the middle layer is markedly small 
compared to that on the surface layer. Evenly, the difference of gyro radii between top and bottom 
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surface is observed when L > 70 nm (See Fig. 3.3(c), (d)). That is, it is not symmetric with respect to 
the middle layer. In our model system, the gyro-radii on the top layer is larger than that on the bottom 
layer and the phase at the top layer lags behind that at the bottom layer. 
 
Figure 3.4 The dynamic properties when L = 100 nm. The phase difference δH versus the fields when 
(a) c = +1 and (b) c = -1. The dynamic susceptibility χ versus the frequency of rotating magnetic fields 
when (c) c = +1 and (d) c = -1. All results is in the regime of linear dynamics of magnetic vortex. Black 
(Bluish green) line shows the properties of the top (bottom) surface and Red (Blue) line shows the 
properties of the middle layer near the top (bottom) surface. The grey vertical line shows the 
eigenfrequency of magnetic vortex. 
 
To specify such penicular dynamics of magnetic vortex, we perform an additional simulation with 
changing the frequency of rotating magnetic fields and chiarlity of magnetic vortex when L = 100 nm. 
To analyze the simulation results, we calculate a dynamic susceptibility χ with satisfying the relation, 
position of vortex core X = χH0, and phase difference δH. The magnetic vortex with c = +1 shows a 
larger χ and δH of the top layer than that of the bottom layer. This relation is reversed when c = -1. δH is 
monotoncially increased (decreased) from the top (bottom) surface to the bottom (top) surface for c = 
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+1 (-1) while χ is the smallest at the middle layer. Accordingly, the chirality of magnetic vortex 
determines which surface the motion of vortex core is faster while it influences only the phase of 
magnetic vortex during the gyrotropic motion in thin nanoelement. Interestingly, δH difference between 
top surface and bottom surface increases with the driving frequency of rotating magnetic fields. It imply 
the existence of the gyrotropic mode with higher mode as reported by J. Ding et al [18]. 
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3.2.2. Vortex core reversal 
 
Figure 3.5 The vortex core reversal process when H0 = 15 Oe and L = 70 nm. (a) The snapshot of the 
vortex-antivortex mediated reversal process. (b) The velocity of vortex core before the vortex core 
reversal. 
 
Conventionally, through a resonant excitation with a rotating magnetic field, the vortex core reversals 
has been achieved. The magnetization dip with an opposite polarization to the original vortex core is 
nucleated next to the vortex core when the magnetic vortex. This magnetization dip is transformed into 
vortex and antivortex with the opposite polarization to the original vortex core. By combining generated 
antivortex with the original vortex, the original vortex is annihilated and new generated vortex remains 
[38,68-70]. Such vortex-antivortex reversals is achievable by moving Bloch point from the surface into 
the opposite surface [71]. This vortex core reversals process is achieved when the vortex core reaches 
the critical velocity [72]. A Priori, it has been believed that vortex core reversals process starts at the 
surface of the nanoelement and it ends the surface of the nanoelement. In other words, it is considered 
that the magnetization dip is nucleated at the surface. 
However, we found that the magnetization dip is nucleated in the interior region in the disk, not at 
the surface, as seen in Fig. 3.5(a). A nucleated magnetization dip extends to the surface and it is divided 
into the vortex and antivortex at the surface. Consequently, the velocity of vortex core at the interior 
region is important for vortex core reversals rather than that at the surface. As seen in Fig. 3.5(b), vortex 
core reversals starts as soon as vortex core at the middle of the thickness reaches the critical velocity. It 
is attributable to the surface magnetostatic fields. The gyrotropic fields that is induced by the vortex 
core motion exerts throughout the thickness but the surface magnetostatic fields suppresses the 
nucleation of magnetization dip induced by the gyrotropic fields. That is, the nucleation of 
magnetization dip occur easily at the middle of the thickness. It seems that the magnetization dip is 
nucleated at the surface, but it is always nucleated at the middle layer. Accordingly, the velocity of 
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vortex core at the middle layer is important for vortex core reversals process.   
25 
 
3.2.3. Nonlinear dynamics 
 
Figure 3.6 The nonlinear dynamics of magnetic vortex in a circular disk with L = 80 nm, and H0 = 20 
Oe. (a) The gyro-radii and (b) the velocity of vortex core are not constant. Each color in (a) and (b) 
means the individual dynamic regions and it is distinguished by boundaries for the sign of acceleration 
of vortex core on the top and bottom surface. The trajectories of individual regions is shown in (c). 
 
It is well-known that the vortex core reversals can be achieved through resonant excitation as seen in 
Fig. 3.5. However, it is no longer achieved even though 20 Oe counterclockwise rotating fields with 
eigenfrequency is applied if L is larger than 70 nm. Instead, it shows a nonlinear peculiar dynamics. 
The gyro-radii, velocity and phase are not constant and show the complex oscillation. Fig. 3.6 shows a 
dramatic time-varying deformation of vortex core during the gyrotropic motion. Such nonlinear 
dynamics can be distinguished by the sign of acceleration of vortex core, i.e., the time derivative of the 
velocity of vortex core. 
 
Region I (bluish green) 
Initially, both gyro-radii and velocity of vortex core on the top and bottom surface increase linearly. 
It is corresponded to the snapshot which shows the spiral-like trajectory of vortex core until time is 
smaller than 5.2 ns In Fig. 3.6(c). It is analogous to the transient motion of linear dynamics of magnetic 
vortex in a thin nanoelement. 
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. 
Region II (magenta)  
In this range, it is observed a non-linear dynamics, which cannot be observed in the linear dynamics. 
The gyro-radii and velocity of vortex core on the top surface decrease while those on the bottom surface 
increase continuously. Interestingly, the vortex core reversals does not occur although the velocity of 
vortex core on the bottom surface exceeds the critical velocity required for vortex core reversals in Py 
disk (~330m/s). The trajectories is shown in 5.2 ns < time < 7.2 ns in Fig. 3.6(c) 
 
Region III (yellow)  
After the vortex core reaches the maximum gyro-radii and velocity on the bottom surface, those are 
steeply decreased during about 0.5 ns. Those values on the top surface is still decreased. 
 
Region IV (grey)  
The gyro-radii and velocity of vortex core on the top surface increase steeply. In this region, on two 
surface, vortex core reaches the critical velocity required for vortex core reversals but it does not occur. 
 
Region IV (brown) 
Finally, the vortex core on the top surface goes to the center of disk with complex oscillation. Also, 
the vortex core on the bottom surface also undergoes the complex oscillation. This trajectory of vortex 
core is convoluted. Interestingly, the spin wave radiation along the azimuthal direction as soon as the 
vortex core on the top surface starts to return to the center of disk. 
 
When the vortex core returns to the center, the vortex core starts the dynamics in region I again. That 
is, it is periodic. As presented in Section 3.2.2 (in the linear regime), the differences of phase and gyro-
radii of vortex appear in relatively thick circular disk. Even, those properties is not symmetric with 
respect to the center of the vortex core. The vortex core is more elongated asymmetrically when the 
amplitude of rotating magnetic fields H0 increases. Accordingly, the steep increase of such difference 
makes the vortex core not be able to maintain its structure. As a result, the dynamics corresponding to 
region II starts. Occasionally, the velocity of vortex core at the surface arrives much higher than the 
critical velocity while the velocity of vortex core at the middle layer is lower than the critical velocity.   
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3.2.4. Adiabatic and non-adiabatic process 
 
Figure 3.7 The gyro-radii when the amplitude increases (a), (c), (e) non-adiabatically and (d), (f) 
adiabatically in the circular disk with (c-d) L = 80 nm, and (a), (e-f) 100 nm. The amplitude H0 is 
following : (a) 40 Oe, (c-d) 25 Oe, and (e-f) 50 Oe. Fig. (b) shows the time evolution of amplitude H0 
to mimic an adiabatic process. Initially, H0 increases with a gradient 0.25 Oe / ns and at the 25 Oe (50 
Oe), H0 is fixed at the Fig. (d) (Fig. (f)). 
 
Interestingly, Fig. 3.7(a) shows that the nonlinear dynamics of vortex core goes to the linear dynamics. 
That is, the nonlinear dynamics may be just a transient regime. Accordingly, it may be resulted by the 
steep deformation of vortex core. To specify it, we makes the amplitude of rotating magnetic fields be 
increased linearly and this amplitude is fixed when it reaches the amplitude we want (See Fig. 3.7(b)). 
Two dynamics between the adiabatic increasing and the non-adiabatic increasing of the amplitude of 
rotating magnetic fields shows a completely different dynamics. In case of non-adiabatic process, it 
shows the results corresponding to the nonlinear dynamics in Fig. 3.6. However, the non-adiabatic 
process does not show the nonlinear dynamics (See Fig. 3.7(f)). Each colors mean the linearly 
increasing amplitude region (magenta) and the fixed amplitude region (cyan). The gyro-radii reaches a 
critical gyro-radii and it decreases in the region which colored in magenta. In the region colored in cyan, 
the circular disk with L = 80 nm under 25 Oe rotating magnetic fields show that the vortex core does 
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not return to the center of the disk regardless of the surface but the gyro-radii shows the oscillation at 
the specific frequency as seen in Fig. 3.7(d). Even, the vortex in the circular disk with L = 100 nm under 
a rotating magnetic fields with H0 = 50 Oe, it shows the completely linear dynamics in Fig. 3.7(e) 
although non-adiabatic process makes the tearing up a vortex core, which we will mention in section 
3.2.5, occurs. In other words, the non-adiabatic process makes the steep vortex deformation and it 
results in the nonlinear dynamics. However, this nonlinear dynamics occurs when amplitude H0 is too 
large to maintain the vortex elongation regardless of adiabatic or non-adiabatic process. 
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3.2.5. Tearing up vortex core at the surface layer 
 
Figure 3.8 Two types of tearing up a vortex core at (a-b) the bottom surface and at (c) the top surface. 
At the bottom surface, the torn vortex core (vortex tube structure) is annihilated by (a) the collision with 
the edge and (b) combination with new nucleated non-zero mz. 
 
In the nonlinear dynamics, the velocity of vortex core is steeply is changed in the boundary between 
the region 2 and region 3 (boundary 2-3) and between the region 4 and region 5 (boundary 4-5) (regions 
are marked in Fig. 3.6). In these boundaries, as increasing H0, the tube-shaped structure, which is called 
vortex tube structure in this thesis, was pulled out from the original vortex core as seen in Fig. 3.8. At 
the boundary 2-3 (4-5), the acceleration of vortex core is changed from positive value to negative value 
steeply at the bottom (top) surface and it causes the tearing up a vortex core. That is, the strong 
acceleration difference between two regions makes the nucleation of a vortex tube structure. It is not 
stable structure and it disappears while moving or when it collides with the edge of the disk with spin 
wave radiation at the top surface as seen in Fig. 3.8(c). However, at the bottom surface, it is not 
annihilated while moving but it is destroyed by collision with the edge of the disk and combination with 
new nucleated non-zero mz in Fig. 3.8(a-b). 
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Figure 3.9 At the bottom surface, the annihilation process of vortex tube by (a) the collision with the 
edge of disk and the combination with non-zero mz which consists of vortex-antivortex pair.  
 
As seen in Fig. 3.9, the vortex tube structure connects to the vortex-antivortex pair at the surface. We 
approaches such vortex tube structure topologically. The magnetic vortex and magnetic antivortex is 
considered as a topological singularity with winding number, one of a topological number, n = +1 and 
-1. It has a half integer skyrmion number, another topological number, q = np/2 = ±1/2 and its sign is 
dependent on the polarity p. In Ref. [71], in three-dimensional system, this skyrmion number q is 
dependent on whether the vortex is in the top surface or the bottom surface (top surface :  -np/2, bottom 
surface : +np/2) . That is, the total skyrmion number of a single vortex is zero due to it is connected 
between the top surface and the bottom surface. It is well-known that the winding number n is conserved 
during the vortex core reversals process. In case of the vortex tube structure, its n and p are zero. Thus, 
its creation and annihilation is trivial dynamic process with conserving the total topological number. As 
shown in Fig. 3.9(b), double vortex tube structure is also observed. Interestingly, additional vortex tube 
with opposite polarity appears just below the tube separated from the original vortex core. The 
additional vortex tube also connects with the surface vortex-antivortex pair. For conserving the total 
topological charge, the vortex is always annihilated with antivortex. Surprisingly, the vortex (antivortex) 
is always nucleated next to the original antivortex (vortex). Thus two tubes annihilate individually by 
vortex-antivortex annihilation process. Accordingly, during this process, the topological numbers are 
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conserved. That is, topologically dynamic trivial process being analogous to vortex core reversals (See 
Fig. 3.5). It is well-known that this process is accompanied with a single Bloch point. However, in this 
case, two vortex-antivortex annihilation process occurs simultaneously. In other words, Bloch point 
pair annihilates the vortex tube structure. Mainly, the vortex tube annihilation by Bloch point pair occurs 
mainly at the large H0 compared to the vortex tube annihilation by the collision with the edge. 
 
Figure 3.10 The three-dimensional image of vortex tube structure. 
 
This ring-shaped structure consists of vortex-antivortex pair (See Fig. 3.9). The winding number, n, 
of vortex is +1 while n for antivortex is -1. Another topological number, skyrmion number q is np/2. 
That is, the winding number n and skyrmion number q of ring-shaped structure is zero. Interestingly, as 
seen in Fig. 3(b), the antivortex (vortex) of new ring-shaped structure is always next to the vortex 
(antivortex) of original ring-shaped structure. Being analogous to vortex core reversal process, the 
vortex (antivortex) is always annihilated by combining the antivortex (vortex). That is, both winding 
number and skyrmion number are conserved during the annihilation process of ring-shaped structure. 
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3.2.6. Phase diagram and criterion of tearing 
 
Figure 3.11 (a) The phase diagram of vortex dynamics with varying H0 and L. The green region shows 
the non-linear and the linear gyrotropic motion of vortex core. The blue region means the vortex core 
reversals. The red color means the vortex core tearing. The yellow region means that the magnetic 
vortex shows gyrotropic motion in the adiabatic process and tearing up a vortex core in the non-
adiabatic process. (b) The required velocity for tearing up vortex core at the top surface (magenta circle) 
and bottom surface (cyan circle). The region colored in yellowish green in Fig. (b) is a critical velocity 
required for vortex core reversals in Py disk. 
 
Finally, we drew a phase diagram of vortex dynamics with varying L and H0 until the simulation time 
is 100 ns in Fig. 3.11(a). As L ≤ 70nm, the well-known dynamics, which have been reported, is shown. 
For relatively low H0, As L ≥ 80 nm, vortex core shows linear or non-linear gyrotropic motion. We 
cannot define the critical amplitude of rotating magnetic fields because vortex core moving nonlinearly 
sometimes returns the linear dynamics (See .3.7(a)). We found that the H0 of rotating magnetic fields 
for tearing up vortex core for L = 80 nm, 90 nm, and 100 nm, are 30 Oe, 40 Oe, and 50 Oe. However, 
in adiabatic process, the nonlinear dynamics which is required for dynamic tearing up vortex core is 
prevented. That is, the critical H0 is changed. The critical amplitude of rotating fields for tearing up 
vortex core, when L= 90 nm, and 100 nm, increases to each 45 Oe, and 65 Oe. In fact, non-linear 
dynamics doesn’t appear until the amplitude reaches the critical amplitude in adiabatic process. 
To specify the criterion for the tearing up a vortex core, we tried to find the critical velocity for tearing 
up a vortex core and result is in Fig. 3.11(b). Its value is larger than 500m/s regardless of which surface 
is. That is, the critical velocity required for tearing up a vortex core is much larger than the critical 
velocity required for the vortex core reversals. 
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3.3. Vortex dynamics under out-of-plane dc spin-polarized current 
Among a lot of spintronic technology, the current-induced spin dynamics has a lot of attention for 
developing the spintronic device such as racetrack memory, skyrmion based racetrack memory. The 
electrical current makes the spin-transfer torque (STT) on the local magnetization to conserve an 
angular momentum. A combination of STT and vortex makes the vortex core switching and 
compensation for the dissipation of gyrotropic motion. That is, it is proposed to develop the vortex 
based spin torque oscillator. Accordingly, the current-induced dynamics is a reliable mean of specifying 
the magnetic vortex. For instance, the current-driven gyrotropic motion of magnetic vortex and vortex 
core reversals in confined magnetic nanoelement have been observed both experimentally, numerically 
and analytically [11,12,38,73-77]. Despite a several studies employing the STT effect on such vortex 
excitations, most of studies manipulate the magnetic vortex which has a uniform profile along the 
thickness of disk. However, in relatively thick circular disk, the out-of-plane current dynamics may be 
expected that it shows a different dynamics due to non-uniform magnetization along thickness. 
Furthermore, there are a deficient study of the effect of Oersted fields, which is another effect of the 
electrical current. In this section, we deal with the effect of OH fields and STT in relatively thick circular 
dot and provides an understanding how the individual effects influences the gyrotropic motion and 
vortex core reversals. 
In this study, we used a micromagnetic numerical simulation code, mumax3. We employed a model 
system composed of an isolated permalloy (Py, Ni80Fe20) disk of 2R = 300 nm diameter and L = 80 nm 
thickness (See Fig. 3.12(a)). A perpendicular polarizer of the spin-polarization direction mp = -1, which 
is a downward direction of magnetization, is positioned below the Py disk. Our system considered STT 
and a circumferential OH fields produced by an electrical current. The OH fields is plotted by using 
Biot-Savart law in Fig. 3.12(b). The mumax3 code [61] calculated the Landau-Lifshitz-Gilbert equation 
and an additional STT term : dm/dt =-|γL|[m×Heff]+α[m×(dm/dt)]+TSTT, where γL= γ/(1+α2), which 
describes the dynamic motion of normalized magnetization m, with the gyromagnetic ratio γ, the 
effective field Heff, the saturation magnetization Ms, the Gilbert damping constant α. The STT is given 
by TSTT = m×[m×(u·▽)m]+ β m×(u·▽)m where u = -PjeμB/eMs(1+β2) where  with non-adiabatic 
constant β = 0.04, the current density je, Bohr magneton μB, electron charge e, and the degree of spin 
polarization P = 0.5669. The electrical current always flows from top to bottom. The initial ground state 
of a magnetic vortex is the upward core magnetization corresponding to the core polarization p = +1. 
We deal with two in-plane curling magnetization of magnetic vortex, that is., counterclockwise (CCW, 
c = +1) and clockwise (CW, c = -1) direction. The unit cell size is 2 × 2 × 5 nm3. 
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Figure 3.12 (a) The isolated magnetic vortex structure. (b) The strength of OH fields versus the distance 
r from the center of the disk.  
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3.3.1. The deformation of magnetic vortex core 
When the thickness is small (L < 40 nm), the deformation of magnetic vortex by STT is a negligible 
due to the homogeneous magnetization along the thickness. However, the magnetic vortex is no longer 
homogeneous along the thickness when the thickness is large (L > 70 nm), as seen in Chapter 2. Thus 
we expected that there exists a large deformation of magnetic vortex by an electrical current. Using that 
the radial symmetry of magnetic vortex makes spend a lot of time showing gyrotropic motion when the 
vortex core is in the center of dot. Thus, we run the simulation which applies the out-of-plane spin-
polarized current to the magnetic vortex during 20 ns to observe the deformation of magnetic vortex. 
We divided this section into following three parts. First part considered a pure STT and second part 
considered both STT and OH fields. Finally, it summarized the deformation of magnetic vortex by the 
electrical current. 
 
3.3.1.1. The deformation of magnetic vortex core by a pure STT 
 
Figure 3.11 The deformation of magnetic vortex core structure at the center by the out-of-plane spin-
polarized current. The spiraling tube and cone mean the in-plane magnetization of magnetic vortex. The 
convex-shaped surface is the boundaries for mz ≥ 0.7., i.e., the vortex core. 
 
Originally, the volume of vortex core is independent of chirality. In other words, the volume of vortex 
core for c = +1 is the same as that of vortex core for c = -1. However, STT effect makes split those 
degenerated states by deforming the structure (See Fig. 3.11) in relatively thick circular disk unlike thin 
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nanoelement. In the case of vortex core for c = +1, the volume of vortex core is expanded and twist of 
in-plane magnetization increases when the current density increases. In contrast, the vortex core for c = 
-1 and STT make the volume of vortex core reduced and twist of in-plane magnetization decreases. In 
summary, the vortex core for c = +1 tends to be inhomogeneous along the thickness while the vortex 
core for c = -1 tends to be homogeneous.  
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3.3.1.2. The deformation of magnetic vortex core by a two effects : STT and OH fields 
 
Figure 3.12 The schematic images of magnetic vortex. First column is the magnetic vortex when u = 0 
m/s. A second and third column, the magnetic vortex structure considering only pure STT and both STT 
and circumferential OH field 
 
We considered both the STT effect and OH fields. In our system, the rotating sense of OH fields is 
clockwise. Accordingly, in the presence of OH fields, Zeeman energy of the magnetic vortex for c = +1 
is much larger than for the magnetic vortex for c = -1. Accordingly, OH fields makes the vortex core 
for c = +1 be homogeneous while the vortex core for c = -1 tends to be inhomogeneous. Interestingly, 
the degree of volume variation of vortex core induced by both STT and OH fields is much stronger than 
that induced by only pure STT. 
 
3.3.1.3. Summary on the deformation of magnetic vortex induced by an electrical current 
In order to consider all symmetries when the magnetic vortex is under a spin-polarized current, we 
changed the polarizer direction and initial polarization of magnetic vortex. 
 
Table 3.1 The volume of vortex core when u = 30 m/s. Orange color means volume reduction and green 
color means volume expansion. 
mp p c Core size (nm3) 
Core size (nm3) 
[STT] 
Core Size (nm3) 
[OH] 
Core Size (nm3) 
[STT+OH] 
+1 
+1 
+1 
80640 
78120 133560 112320 
-1 84600 68760 71100 
-1 
+1 90405 133560 208665 
-1 73620 68760 64800 
-1 
+1 
+1 90450 133560 208710 
-1 73620 68760 64800 
-1 
+1 78120 133560 112320 
-1 84600 68760 71100 
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Based on the Table 3.1, STT makes the volume of vortex core expanded for mppc = +1 while it is 
reduced for mppc = -1. When considering only OH fields, the mp and p is independent on the volume of 
vortex core. However, it is sensitively dependent on whether OH fields is parallel or antiparallel to the 
in-plane magnetization and it is originated from the rotational direction of spin-transfer torque. As a 
results, volume of vortex core is expanded for c = +1. 
In conclusion, the competition between two effects determines the volume of vortex core. The effect 
of OH fields is dominant effect when u = 30 m/s. 
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3.3.2. Chirality dependence of vortex dynamics 
 
Figure 3.13 The shift of eigenfrequency of magnetic vortex when the out-of-plane spin polarized 
current is applied. At each point, the magnetic vortex shows the linear gyrotropic motion. An orange 
color and green color mean c = +1 and c = -1. The open triangle includes both STT and OH fields while 
the closed triangle does not consider the OH fields. The dotted line and open yellow circle is the 
eigenfrequency when there is no electrical current. 
 
Generally, it is reported that under the out-of-plane spin-polarized current, STT does not influences 
the eigenfrequency of magnetic vortex but OH fields makes the shift of eigenfrequency of magnetic 
vortex [12,76]. To specify the eigenfrequency, we applied out-of-plane spin polarized current with the 
magnetic vortex which is shifted by 50Oe in-plane fields. However, Fig. 3.13 shows the change of 
eigenfrequency of only pure STT driven vortex. Whether the OH includes or not and whether c = +1 or 
-1 determine the shift of eigenfrequency and it is originated from the Section 3.3.1 which shows the 
degenerated magnetic vortex states are split by both STT and OH fields. Except the case considering 
both STT and OH fields with c = +1, the eigenfrequency is linearly increasing or decreasing. In case of 
considering only STT, the chirality of magnetic vortex determines whether eigenfrequency increases or 
decreases. However, the rate of eigenfrequency change is small compared to that considering OH fields. 
Also, OH fields makes the sign of the rate of eigenfrequency change be reversed. Interestingly, the 
magnetic vortex for c = +1 shows a unique dynamics such as nonlinear dynamics and tearing up a vortex 
core when u ≥ 20 m/s. However, OH fields suppressed this unique dynamics. Instead, it results in the 
large rate of eigenfrequency change compared to when u < 20 m/s. Such unique dynamics is described 
in 3.3.2.1 ~ 3.3.2.2 except the description of linear dynamics.  
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3.3.2.1. The magnetic vortex with clockwise (CW) in-plane magnetization 
 
Figure 3.14 The vortex core reversals process when c = -1 and u = 30 m/s considering only STT. 
 
In the previous chapter, we reported that the vortex core cannot be reversed by the rotating magnetic 
fields through the resonant excitation. However, this out-of-plane spin-polarized current can make the 
vortex core reversals through vortex-antivortex nucleation and annihilation regardless of existence of 
OH fields when c = -1. OH fields makes just the current required for vortex core reversal increased 
because Zeeman energy tends to suppress the gyrotropic motion of magnetic vortex. We found that the 
current required for vortex core reversals is larger than 30 m/s and smaller than 31 m/s in STT system 
while it is larger than 30 m/s and smaller than 40 m/s in STT system 
At present, we think that there are two regions. One is related to size of vortex core and the other is 
related to the strong torque at the bottom surface. Both STT and OH fields make the vortex core for c 
= -1 shrunk. That is, both STT and OH makes vortex core be homogeneous along thickness. In other 
words, it is analogous to the magnetic vortex in the thin nanoelement. It may cause the vortex core 
reversals. Also, the magnetization is undergo strong torque by spin-polarized current due to a large 
spatial derivation of magnetization compared to the others. In the previous chapter, the gyro-radii of 
vortex core on the top surface is larger than that on the bottom surface. Furthermore, the vortex core on 
the bottom surface lag behind the vortex core on the top layer. However, the strong torque at the bottom 
surface decreases the phase difference and phase between top surface and bottom surface. It tends to 
make gyrotropic motion be homogenous along thickness.  
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3.3.2.2. The magnetic vortex with counterclockwise (CCW) in-plane magnetization 
In case of c = +1, the existence of OH fields makes a completely different dynamics of magnetic 
vortex. In this section, we shows the description of non-linear dynamics driven by only STT and both 
STT and OH fields. 
 
3.3.2.2.1 Consideration of only STT system 
 
Figure 3.15 The nonlinear dynamics of magnetic vortex driven by only STT when c = +1 and u = 30 
m/s. The time evolution of (a) velocity and (b) gyro-radii. The grey regions is the critical velocity 
required for vortex core reversals. The three regions t1, t2 and t3 are divided by the vortex dynamics. (c) 
The snapshot of vortex dynamics in the region t3 when u = 20m/s. 
 
Interestingly, the magnetic vortex with c = +1 does not show the vortex core reversals. Instead, it 
shows the nonlinear dynamics similar to the vortex dynamics driven by rotating magnetic fields. 
However, this nonlinear dynamics is slightly different from rotating fields driven nonlinear dynamics. 
In the reported rotating fields driven nonlinear dynamics, it is divided into five regions and it is hard to 
analyze it due to complexity such as tearing up vortex core and for vortex core returning to the center 
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of disk. However, the STT driven nonlinear dynamics can be divided into three regions t1, t2 and t3 as 
seen in Fig. 3.15(a-b). In the t1 region, the magnetic vortex on the top and bottom surface shows spiral-
like motion with increasing gyro-radii and velocity. However, there are no differences of gyro-radii and 
velocity between the top and bottom surface unlike the rotating fields driven nonlinear dynamics. In the 
region t2, the differences of gyro-radii and velocity appear and its magnitude increases. Especially, at 
the bottom surface, both gyro-radii and velocity increase rapidly. As a results, in the region t3 (See Fig. 
3.15(c)), at the bottom surface, the vortex core is fluctuated by non-zero mz being analogous to Fig. 3.9 
of section 3.2.5. However, it is not pulled out and makes fluctuation with spin wave radiation. However, 
due to for the vortex core not returning to the center of the disk with increasing gyro-radii of vortex 
core at the top surface. This nonlinear dynamics occurs when u ≥ 20 m/s 
In contrast to the magnetic vortex with c = -1, the vortex core is expanded by the spin-polarized 
current. That is, it makes the magnetic vortex be more inhomogeneous along thickness. Accordingly, it 
may suppress the vortex core reversals. Also, previous mentioned strong spin-transfer torque on the 
bottom surface may prevent the vortex core on the top layer from large gyro-radii and velocity. As a 
results, the vortex core on the top surface is confined in the small area compared to the vortex core on 
the bottom surface. 
 
Figure 3.16 A time evolution of (a) gyro-radii and (b) trajectories of vortex core on the top surface. The 
trajectories means the vortex core position from 0 ns to 100 ns. Each column shows the dynamics when 
u = 30 m/s, 50 m/s and 70 m/s from the left side to the right side. 
 
This confinement area of vortex core on the top layer is reduced with increasing the current density 
as seen in Fig. 3.16. However, the time to reach non-linear dynamics is reduced. As well as, the 
fluctuation increases with the current density.  
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3.3.2.2.2 Consideration of both STT and OH system 
OH fields prevent the nonlinear dynamics induced by STT which occurs for when u ≥ 20 m/s. As u 
< 20 m/s, the shift of eigenfrequency decreases linearly versus the u value. However, the rate of 
eigenfrequency change is steeply increased at u = 20 m/s. That is, a strong magnitude of OH fields near 
the edge suppresses the fluctuation on vortex core on the bottom surface. When it shows gyrotropic 
motion, the vortex core is largely elongated compared to other systems and the vortex core is similar to 
the first snapshot of Fig. 3.18. 
 
Figure 3.17 The snapshot of vortex core reversals process when u = 30m/s. 
 
Interestingly, in STT + OH system, the vortex core reversals occurs in contrasts of only STT system 
as seen in Fig. 3.17 in contrast to the STT system. However, to achieve vortex core reversals, it is always 
accompanied with the chirality of magnetic vortex reversals. This chirality reversals is mediated by 
chaotic dynamics. That is, it is achieved through a very complex dynamics. However, although the 
magnetization direction of polarizer is downward along z-direction, the polarity reversals are 
determined by chaos and it cannot be reversed when the chirality is reversed. 
As seen Fig. 3.18, the chirality reversals through the chaotic dynamics but the polarity reversals does 
not occurs in this process. The polarity reversals can be achieved by vortex-antivortex through 
gyrotropic motion. Although the vortex core reversals cannot be achieved when c = -1 and u = 24, 
strong torque induced by the chirality reversals makes the vortex-antivortex mediated vortex core 
reversals possible. 
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Figure 3.18 The snapshot of vortex core reversals process when u = 25m/s. 
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3.4. Vortex dynamics under alternating out-of-plane spin-polarized current 
For controlling magnetic vortex states with low power, the resonant excitation with the dynamic 
mode, such as gyrotropic mode, azimuthal spin wave mode and radial spin wave mode, of magnetic 
vortex is necessary. It is well-known that the magnetic vortex core reversals can be achieved when the 
oscillating frequency of any driving forces is tuned to that mode’s eigenfrequency [37-42]. Furthermore, 
ultrafast vortex core reversals have been attracted much attention on account of their possible 
implementation in information storage devices. However, in the relatively thick nanoelement, the vortex 
core cannot be reversed through the resonant excitation of gyrotropic mode using rotating magnetic 
fields. In the previous chapter, the dc out-of-plane spin polarized current can make a vortex core 
reversed. However, It spends a long time to reverse vortex core and the vortex core should be shifted 
by in-plane fields, fluctuation and defect for breaking radial symmetry. That is, in relatively thick 
nanoelement, another mode should be specified to find new dynamic mode. We report new high 
frequency mode, beating mode and higher-order-beating mode, which corresponded to the size 
oscillation of vortex core. Also, we address the beating-mode-assited vortex-core reversals, which 
differs completely from the familiar vortex-antivortex-pair-mediated mechanism . 
We set the model system composed of a circular permalloy (Py, Ni80Fe20) disks of 2R = 300 nm 
diameter and L = 80 nm thickness and two polarizer using mumax3 code which performs micromagnetic 
numerical simulation. One polarizer is positioned below the Py disk and the other polarizer is above the 
Py disk. In this simulation, both the spin transfer torque and Oersted (OH) fields are considerd, which 
is produced by an electrical current. We took into account both effects in all the simulations. The 
mumax3 code [61] solves the Landu-Lifshitz-Gilbert (LLG) equation with spin-transfer torque : dm/dt 
=-|γL|[m×Heff]+α[m×(dm/dt)]+m×[m×(u·▽)m]+βm×(u·▽)m, where u = -PjeμB/eMs(1+β2) where with 
non-adiabatic constant β = 0.04, the current density je, Bohr magneton μB, electron charge e, and spin 
polarization P = 0.5669. Initially, we applied a sinc function out-of-plane spin-polarized current 
expressed as u = u0sin[ωH(t-t0)]/[ωH(t-t0)] with u0 = 50 m/s, ωH = 2π × 50 GHz, and t0 = 1 ns to four 
type of model system during 10 ns to excite the intrinsic modes in the given disk (See Fig. 3.19). Then, 
through Fast Fourier Transformation (FFT), we obtained a peak corresponding a specific mode. The 
reason why the system is divided into four is to find optimized system which has a large FFT intensity. 
We applied out-of-plane sinusoidal current (designated as u = u0sin(ωDt)) with a corresponding peak. 
We assumed that the current flows along a perpendicular direction to plane geometry and it flows 
uniformly through the entire Py disk (See Fig. 3.19). The initial ground state of a magnetic vortex 
composed of the upward core magnetization corresponding to the polarization p = +1 and the 
counterclockwise (CCW) in-palne curling magnetization, chirality c=+1. The unit cell size is 2 × 2 × 5 
nm3. Fig. 3.19 shows four initial states by varying the magnetization direction of polarizer. 
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Figure 3.19 The four model systems. [mpTop, mpBottom] = (a) [-1, -1], (b) [+1, +1], (c) [-1, +1], and (d) 
[+1, -1]. 
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3.4.1. The eigenfrequency of a beating mode 
 
Figure 3.20 The results obtained from FFT of the temporal oscillations of mz over the entire disk. (a) 
The averaged value of FFT intensity versus the frequency. The gray dotted lines mean the peaks at 6.2 
GHz, 8.7 GHz, 11.8 GHz, and 13.7 GHz. (b) The spatial distribution of FFT intensity corresponding 
the dotted line in (a) and it is drawn in the system where the magnetization of both polarizer is downward 
direction. 
 
One distinct peaks were found at 6.2 GHz except the system where the magnetization of both 
polarizer is upward direction (the system [mpTop, mpBottom] = [+1, +1]). The system [-1, -1] show the 
largest intensity and then, the system [+1, -1] and the system [-1, +1] follow. We concentrated on the 
four peaks at the 6.2 GHz, 8.7 GHz, 11.8 GHz and 13.7 GHz in Fig. 3.2(a). At the each peaks, the FFT 
intensity is localized near the vortex core with satisfying the radial symmetry. Conventionally, it is 
believed that the radial mode is homogeneous along thickness and its node exists on the in-plane. 
However, we found that its spatial distribution of FFT is not homogeneous along thickness. Interestingly, 
as seen in Fig. 3.2(b), there exists a node on not only in-plane but also in the interior region of nanodisk. 
That is, similar to the higher order gyrotropic mode, new mode exists. Accordingly, it is necessary to 
specify this dynamic modes. 
  
48 
 
3.4.2. Excitation of beating mode using AC spin-polarized current 
 
Figure 3.21 the snapshot of the vortex dynamics when it is excited by out-of-plane spin-polarized 
current with the driving frequency ωD/2π = 6.2, 8.7, 11.8, and 13.7 GHz. 
 
Then, we applied the out-of-plane sinusoidal current to the magnetic vortex with u0 = 10 m/s. Fig. 
3.21(a-d) describes the vortex dynamics with the driving frequency ωD/2π = 6.2, 8.7, 11.8, and 13.7 
GHz. As seen in Fig. 3.20(a), the strong oscillation is found at ωD/2π = 6.2 GHz, which shows the size 
oscillation of vortex core in the interior region with maintaining an in-plane radial symmetry. The 
oscillation of vortex core on each layer has a different phase. This dynamics of vortex core looks like 
the heart beat. In this thesis, we call it the beating mode of magnetic vortex and 6.2 GHz is the 
eigenfrequency for beating mode. When ωD/2π = 8.7, and 11.8, the core oscillation appears. 
Interestingly, there are no core oscillation at the center of vortex core in the interior region when When 
ωD/2π = 13.7, that is, there is a node at the interior region and it is named a higher order beating mode.  
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3.4.3. The role of spin transfer torque and Oersted field 
 
Figure 3.22 FFT results of the temporal oscillations of mz over the entire disk (a) when considering 
only ths oscillation of STT and (b) when considering only the oscillation of OH fields. The averaged 
value of FFT intensity versus the frequency is plotted. The gray dotted lines mean the peaks at 6.2 GHz, 
8.7 GHz, 11.8 GHz, and 13.7 GHz. 
 
We applied sinc function out-of-plane spin-polarized current when consdering only the oscillation of 
STT and when considering only the oscillation of OH fields to specify which a driving force induces 
the beating mode of magnetic vortex as seen in Fig. 3.22. FFT result induced by each driving force 
shows the peaks which appears at the previous mentioned frequency although the peak intensity is 
different each other. Also, in the system [+1, +1], the peak at 6.2 GHz has a sizeable intensity in contrast 
to negligible intensity at 6.2 GHz when considering both STT and OH, That is, the oscillation amplitude 
corresponding beating mode and higher order of beating mode is determined by the competition 
between STT and OH fields. 
Furthermore, whether the magnetization of polaizer positioned below Py disk is the parallel or the 
antiparallel to the that of polarizer positioned above Py disk determines the peak intensity. Parallel case 
shows a high intensity compared to an antiparallel case. From Table 3.1, the magnetization of polarizer 
determines whether vortex core is expanded or shrinked by static STT. That is, the polarizer where the 
magnetization direction is downward (upward) which is positioned below Py disk makes an upward 
vortex core with c = +1 expanded (shrinked) by static STT. Also, this relation is reversed when the 
polarizer position is changed or the magnetizaiton of polarizer is changed. Accordingly, two polarizers 
which has a opposite magnetization makes more flexible oscillation of vortex core.  
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3.4.4. Constructive and destructive interference in a beating mode 
 
Figure 3.23 Spatial distributions of FFT intensity and phase induced by (a) only STT and (b) only OH 
fields and (c) both STT and OH fields. The right side of each row means the color bar. 
 
To specify why the system [-1, -1] shows the highest intensity at 6.2 GHz peak when considering 
both STT and OH fields, we drew the spatial distribution of FFT results as seen in Fig. 3.23. The systems 
[-1, -1] and [+1, +1] shows completely different FFT intensity from the systems [-1, +1] and [+1, -1] 
when considering only STT (See Fig. 3.23(a)). There is just phase difference between system [+1, +1] 
and system [-1, -1] (system [-1, +1] and system [+1, -1]). Those two oscillations are out of phase. The 
oscillation in the system [-1, -1] and the oscillation driven by only OH fields are in-phase. That is, the 
system [+1, +1] and the oscillation driven by OH fields have an out-of-phase relation. Accordingly, the 
spin-polarized current makes peak intensity at 6.2 GHz in the system [-1, -1] increased (decreased) by 
constructive (destructive) interference. It is originated from the superposition of the oscillations driven 
by STT and OH. In case of systems [-1, +1] and [+1, -1], there is a small phase difference from the 
oscillation driven by OH fields. It causes increase of the peak intensity in both systems although the 
relation is not in phase. Also, except system [-1, -1], the phase of 6.2 GHz, is nearly same as the phase 
driven by only OH fields. 
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3.4.5. Vortex core reversal by resonant excitation with beating mode 
 
Figure 3.24 The beating mode-assisted vortex core reversals. In the interior region, Bloch point pair 
(grey sphere) is nucleated with disconnecting of vortex core by formation of negative mz when u0 = 25 
m/s. In this case, red (blue) surface means the boundaries for mz ≥ 0.9. 
 
It is well known that the vortex core reversals through resonant excitation with an intrinsic mode of 
magnetic vortex. Accordingly, we applied the sinusoidal current along out-of-plane direction. As a 
results, the vortex core reversal can be achieved in the aids of the resonant excitation with beating mode. 
Initially, vortex core shows the size oscillation. Then, the size of vortex core is shrinked by strong 
oscillation, the center of vortex core is disconnected and then, negative mz is nucleated at the 
disconnected point with Bloch point pair. One is positioned above and the other is positioned below 
negative mz. Each Bloch point moves toward surface with expansion of negative mz. As a result, the 
vortex core reversal can be achieved with the annihilation of Bloch point pair. 
Previously, the vortex core reversal process, which is topologically trivial, is always mediated by 
vortex-antivortex pair, or edge soliton. Bloch point is a three-dimensional singularity, which has a 
skyrmion number q = +1 (-1) if Bloch point has a positive (negative) divergence of magnetization in 
case of vortex-like Bloch point. Also, the q of magnetic vortex is +1/2 (-1/2) when the magnetization 
of vortex core is facing the inside (outside) of magnetic element. When the Bloch point pair is nucleated 
at the center of vortex core, one has q = +1 and the other has q = -1. That is, total skyrmion number of 
the Bloch point is zero. Also, when the vortex core is combined from Bloch point at the top (bottom) 
surface, the q is changed from -1/2 (+1/2) to +1/2 (-1/2). That is, this beating mode assisted vortex core 
reversal is topologically trivial process by conserving the total skyrmion number. 
Interestingly, it can be achieved with low power through a resonant excitation with 11.8 GHz 
frequency. We conformed that the current with u0 = 15m /s can makes the vortex core reversals although 
the FFT intensity is small compared to the peak at 6.2 GHz while the beating mode assisted vortex core 
reversals can be achieved at u0 ≥ 24 m/s. Present, we thinks the localized FFT at the top surface makes 
a strong deformation of vortex core.  
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3.4.6. A beating mode induced by the oscillating out-of-plane magnetic fields 
 
Figure 3.25 The results obtained from FFT of the temporal oscillations of mz over the entire disk in 
aids of out-of-plane sinc function fields. (a) The averaged value of FFT intensity versus the frequency 
is plotted. The gray dotted lines mean the peaks at 6.2 GHz, 12 GHz, 14.2 GHz, and 16.6 GHz. (b) The 
spatial distribution of FFT intensity corresponding the dotted line in (a). 
 
We applied a sinc function out-of-plane magnetic fields expressed as Hz = Hz0sin[ωH(t-t0)]/[ωH(t-t0)] 
with Hz0 = 100 Oe, ωH = 2π × 50 GHz, and t0 = 1 ns. It shows the peak at 6.2 GHz corresponding beating 
mode. However, the FFT intensity is relatively small. Also, there are additional mode at 13.7 GHz which 
has a node at interior region. Compared to the spin-polarized current driven dynamics, at the edge of 
disk, the FFT intensity is localized. 
To specify the beating mode assisted vortex core reversals using alternating out-of-plane fields, we 
applied H = Hz0sin(ωDt) to the magnetic vortex with p = +1 and c = +1. However, the large amplitdue 
is required for the vortex core reversals. Even, 1.2kOe alternating magnetic fields cannot switch vortex 
core. We can achieved the vortex core reversals with 1.5kOe alternating magnetic fields. That is, it is 
not efficient. 
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IV. The formation of magnetic vortex 
It has been generally believed that one of the four states of magnetic vortex according to c and p are 
determined randomly during nucleation process from the saturation states. For developing a non-
volatile multi-bit memory device based on the magnetic vortex structure. It is required to find the 
manipulation method of the magnetic vortex structure. Recently, it is revealed that the magnetic vortex 
structure is determined stochastically in a patterned asymmetric disk and final spin configuration is 
dependent on the nucleation process of magnetic vortex structure [78]. To control four states of a 
magnetic vortex structure, we should understand fundamentals on the nucleation process. 
In the classical views, the position, velocities of particles and the force acting on it are known, the 
dynamics of particles can be calculated in the future or past by a governing equation [79]. In other 
words, the nature is deterministic. In a nonlinear system in nature, however, there are enormous 
unpredictable phenomena, such as oscillating of double pendulum and forecasting climate because of 
deterministic chaos. In contrast to the randomness system whose time evolution does not occur 
deterministically but occurs randomly, the time evolution occurs deterministically but it has sensitive 
dependence on initial conditions. In this works, we firstly reveal that the deterministic chaos occurs in 
the dynamic nucleation process of magnetic vortex state and, by breaking static- and dynamic-
symmetries, the final four states of magnetic vortex can be manipulated very efficiently.  
 
Figure 4.1 (a) The schematic image of a magnetically saturated circular disk along y-direction. To 
mimic experiment, (b) the exponentially decaying fields Hy with time constant τ = 2 ns is employed. 
 
To explore the deterministic chaos in the nucleation process of magnetic vortex, we performed the 
micromagnetic numerical simulation using OOMMF code [60], which solves numerically the Landau-
Lifshitz-Gilbert (LLG) equation: dM/dt=-γ[M×Heff]+α/Ms[M×(dM/dt)] which describes the time 
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evolution of the magnetization vector M, with the gyromagnetic ratio γ, the effective field Heff, the 
Gilbert damping constant α and the saturation magnetization Ms. We used a standard material 
parameters for permalloy (Py, Ni79Fe21) : exchange stiffness Aex = 13 pJ‧m-1, Ms = 860 kA‧m-1, α = 0.01, 
γ = 2.21 × 105 m‧A-1‧s-1 and zero magnetocrystalline anisotropy with cell size of 1 × 1 × 2 nm3. As a 
model system, we adopt a circular Py disk with the radius, R = 50 nm, and the thickness, L = 40 nm 
(See Fig. 4.1(a)). To observe the nucleation process of magnetic vortex from the uniformly saturated 
magnetization configuration, a 1 kOe-fields was applied initially and it decayed exponentially with τ = 
2 ns as shown in Fig. 4.1(b). To check the sensitive dependence on initial condition in the nucleation 
process, relaxation simulations were repeated several times with slightly different initial M 
configurations. The energy difference between each initial states is |ΔEtot| ≤ 5.7 × 10-31 J. That is, it looks 
negligible as shown in Fig. 4.2(a). 
 
Figure 4.2 The time evolution of the total magnetic energy during the relaxation process in magnetically 
saturated (a) circular disk and asymmetric disk.  
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4.1 Chaotic behavior in the formation of magnetic vortex 
 
Figure 4.3 The chaos in the nucleation of magnetic vortex structure in a circular disk. (a) A snapshot 
of four nucleation process of magnetic vortex among a lot of nucleation paths. A color means the 
average value of mz along thickness. (b) The time evolution of the curl of normalized M ( ), the 
average value of mz (<mz>).  means the curling of magnetization configuration and its sign is 
< >m
< >m
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corresponded to the chirality of magnetic vortex. Likewise, a sign of <mz> at the ground state is the 
polarity of magnetic vortex. 
 
As shown in the time evolution snapshot images in Fig. 4.3(a), the saturated magnetization starts to 
be curled at the edge and it results in C-shaped or S-shaped magnetization configuration to reduce a 
stray fields and curvature of magnetization increases. It makes a dint of curved magnetization at near 
the edge of the disk and it has a large gradient of magnetization. A non-zero mz is localized at the 
magnetization dint configuration and it makes the vortex core structure created from the magnetization 
dint configuration. Immediately, the complicated magnetization dynamics such as creations and 
annihilations of the vortex-antivortex pair and edge-solitions follows [80]. Finally, only a single 
magnetic vortex structure remains with arbitrary c and p. Representative dynamic nucleation process of 
four different final magnetic vortex states are shown in Fig. 4.3(a) but there are plenty of different 
nucleation paths were found according to the initial configuration. Figure 4.3(b) indicates the time 
evolution of the curl of normalized magnetization ( ) and the average values of mz (<mz>) which 
reflect the formation of chirality (c) and polarity (p), respectively. At the initial magnetization, both 
 and <mz> are nearly zero until t ~ 5 ns. However, it shows the difference in four nucleation 
paths of magnetic vortex is marked. Likewise, the time evolution of the total magnetic energy shows a 
definite difference as shown in Fig. 4.2(a). It reveals that the nucleation process of magnetic vortex 
shows a sensitive dependence on initial M configuration, which is a typical behavior of deterministic 
chaos. Consequently, any of quaternary states can be formed chaotically. 
 
  
< >m
< >m
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4.2 Manipulation of chirality of magnetic vortex through a static symmetry breaking 
  
Figure 4.4 The schematic image of a magnetically saturated asymmetric disk along y-direction. The 
decaying fields is described as shown in Fig. 4.1(b). 
 
As reported earlier [81-85], four possible states can be reduced two through a breaking symmetry of 
the geometry by cutting the edge of circular disk as shown in Fig. 4.4. When the saturation 
magnetization state is relaxed, the initial magnetization start to curl along the round edge due to 
magnetostatic energy. The asymmetric geometry with cutting edge gives rise to prevent M configuration 
forming S-shaped configuration at the initial stage of the nucleation process (See Fig. 4.5(a)). Only the 
C-shaped M configuration is allowed and the dint M configuration always forms at the flat edge. Unlike 
the complex M dynamics in a perfect circular disk, the injected magnetic vortex just shows the 
gyrotropic motion and it is relaxed by an intrinsic damping. This gyrotropic motion causes the 
oscillation of M as seen in Fig. 4.5(b), e. As a result, the magnetic vortex state with the specific curling 
direction of CW (c = -1) forms finally in an asymmetric disk. Consequently, the chaos of determining 
c disappears as shown in the plot of  in Fig. 4.5(b). However, the time evolution of <mz> still 
shows a chaotic behavior. Interestingly, the sign of <mz> at the instant of occurrence of non-zero <mz> 
is corresponded to the out-of-plane core direction of final magnetic vortex structure since there is no 
vortex core reversal during the nucleation process in contrast to the case of perfect circular disk in which 
the complex dynamics including multiple core reversals. Furthermore, it was found that the sign of 
<mx> always opposites to that of <mz> during the nucleation process while <my> decreases rapidly at 
the instant of symmetry breaking as shown in Fig. 4.5(c-e). Those reveal that negative (positive) value 
of <mx> always occurs when the magnetic vortex structure is formed with p = +1 (-1). From a repetitive 
simulation with a slightly different M configuration in an asymmetric disk (|ΔEtot| ≤ 1.4 × 10-30 J, see 
Fig. 4.2(b)), such tendency of nucleation process is not changed and there are only two nucleation paths 
which are energetically equivalent each other. It should be mentioned that the curling direction switched 
< >m
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if the initial saturation direction reversed. And thus, c is controlled by the saturation direction but p is 
still determined chaotically. 
 
Figure 4.5 The chaos in the nucleation of magnetic vortex in an asymmetric disk. (a) The snapshot of 
two nucleation paths of magnetic vortex. The time evolution of curl is always negative. (c) and (d) show 
a time evolution of <mz> and <mx> in a time where marked in Fig. 4.51(a). (e) A time evolution of <my> 
shows the rapid decrease of <my> induced by nucleation of magnetic vortex and gyrotropic motion of 
magnetic vortex.  
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4.3 An implicit relation on magnetization dynamics 
 
Figure 4.6 The implicit relation between <mz> and <mx> originated from LLG equation. A trajectories 
of <mz> vs <mx> when gyromagnetic ratio (a) γ > 0 and (c) γ < 0 in the asymmetric disk before a 
magnetic vortex is nucleated at the flat edge. The snapshot of magnetization at the flat edge when 
symmetry breaking occurs with (e) γ > 0 and (d) γ < 0. 
 
In the asymmetric disk which excludes the chaos on c state formation process, the trajectories of 
(<mx>,<mz>) appear only at the second and the fourth quadrant in Fig. 4.6(a). It results in an implicit 
relation between <mx> and <mz>. To understand the relation between <mx> and <mz> in the nucleation 
process, we focus on the detailed nucleation process of vortex core from the dint magnetization 
configuration in the vicinity of the flat edge. Figure 4.6(b) indicates the magnetization distribution at 
the flat edge of the asymmetric disk. At the initial saturation state, magnetization configuration on the 
flat edge has the mirror symmetry with respect to the y-axis. But the symmetry breaks after 3.8 ns in 
Fig. 4.5; the oblique magnetization configuration forms along +y and +z direction (/-shape) or along +y 
and –z direction (\-shape). Since the oblique M configuration is shifted from the center, the x component 
of magnetization on the upper and lower surface is imbalanced as shown in Fig. 4.3(b). The +z (–z) 
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oblique M configuration is shifted always along the +y (–y) direction and thus, –x (+x) component M 
on the upper (lower) surface exceeds +x (–x) component M on the lower (upper) surface. It is found 
that the core with p = +1 (–1) is injected into the disk center from the +z (–z) oblique M configuration 
on the flat edge surface as shown in Fig. 4.7(a). 
Consequently, the sign of <mx> and <mz> are always opposite during the nucleation process. It is 
reported that the asymmetry in time evolution be important for nucleation dynamics of magnetic vortex 
[86]. We found such asymmetric behavior of shifted direction according to the oblique M configuration 
direction comes from the intrinsic symmetry breaking of the magnetization dynamics. Since M presses 
about the effective field with a specific direction as described in LLG equation, the dynamic motion of 
M has inherent dynamic-symmetry breaking. To confirm this, we put the negative sign of gyromagnetic 
ratio γ in LLG equation. As shown in Fig. 4.6(c) the relation between the oblique M configuration 
direction and the shift direction are opposite to the case of positive γ value in Fig. 4.6(b). The reversal 
of the implicit relation between <mz> and <mx> with the sign of γ as shown in Fig. 4.6(d) and 4.7(b) 
reveals clearly that it results from the intrinsic asymmetry of M dynamics.  
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Figure 4.7 The time evolution of M distribution at the surface of the asymmetric disk when (a) γ > 0 
and (b) γ < 0. 
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4.4 Manipulation of polarity of magnetic vortex through a dynamic symmetry breaking 
 
Figure 4.8 The manipulation of magnetic vortex using an external fields along (a) x-direction and (b) 
z-direction. 
 
Based on such implicit relation, we applied the weak external fields (~1 Oe) along x-direction and z-
direction to affect the sign of <mx> and <mz>. First of all, considering the external fields hx along x-
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direction, the external fields along +x (-x) direction favors <mx> with positive (negative) sign and it 
gives rise to the negative (positive) sign of <mz> during the nucleation process (See Fig. 4.7). As a result, 
the magnetic vortex structure with p = +1 (-1) appears at the final state. Likewise, the direction of 
external fields hz along z-direction determines a core polarization. Interestingly, the nucleation dynamics 
of magnetic vortex is the same as the chaotic dynamics in the asymmetric disk without the external 
fields except the reduction of nucleation time. That is, the sign of <mx> always follows the sign of the 
external fields along x- (z-) direction and the sign of <mx> follows the resulted implicit relation between 
<mx> and <mz> when there is no any external fields as shown in Fig. 4.8. 
If the sign of γ is changed, the nucleation dynamics follows reversed implicit relation. That is, the 
chaotic behavior on nucleating magnetic vortex dynamics completely disappear even though the 
strength of external fields looks negligible as a “butterfly effect” which originate from an example for 
the fluttering of wings of butterfly to make a hurricane [79]. It seems that the role of external fields 
looks negligible due to a weak fields strength but it breaks the dynamic symmetry of nucleation process. 
It reveals that the breaking of the dynamic symmetry of the magnetization using an external fields 
manipulate the final vortex state.  
 
Figure 4.9 A trajectories of <mz> vs <mx>in the asymmetric disk before a magnetic vortex is nucleated 
at the flat edge when external fields is applied along (a) x-direction and (b) z-direction. The solid line 
means γ > 0 and dotted line means (c) γ < 0. Red (Blue) color means that the final spin state is magnetic 
vortex with p = +1 (-1).  
64 
 
4.4 Fully controlling of a magnetic vortex by a tilted magnetically saturation direction 
 
Figure 4.10 The schematic image of a magnetically saturated asymmetric disk. The saturation direction 
is tilted with respect to the y-direction. The decaying fields is described as shown in Fig. 4.1(b). 
 
Finally, we combines in-plane external fields and exponentially decaying fields by tilting in-plane 
saturation direction as shown in Fig. 1(c). The angle between y-axis and the saturation direction θ 
determines the final magnetic vortex state. That is, H0 sin θ is a role of the in-plane fields along x 
direction while H0 cos θ is an analogous to the exponentially decaying fields of a previous system. The 
resultant simulation data is shown in Table 4.1. In the regime 50° < |θ| < 130°, it shows the chaotic 
dynamics due to decreasing the effect of a static symmetry breaking. In other words, H0 cos θ is larger 
than H0 sin θ cannot reduce a complex dynamics to two nucleation path. In case of |θ| < 50° (|θ| > 130°), 
c is always -1 (+1) and the sign of θ determines p. Accordingly, this tilted saturation state can makes 
the magnetic vortex state efficiently. 
 
Table 4.1 The magnetic vortex state with varying the angle θ. 
θ < 0 p c θ > 0 p c 
-5° +1 -1 5° -1 -1 
-10° +1 -1 10° -1 -1 
-15° +1 -1 15° -1 -1 
-20° +1 -1 20° -1 -1 
-25° +1 -1 25° -1 -1 
-30° +1 -1 30° -1 -1 
-35° +1 -1 35° -1 -1 
-40° +1 -1 40° -1 -1 
-45° +1 -1 45° -1 -1 
-50° Chaos Chaos 50° Chaos Chaos 
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-60° Chaos Chaos 60° Chaos Chaos 
-70° Chaos Chaos 70° Chaos Chaos 
-80° Chaos Chaos 80° Chaos Chaos 
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5. Summary 
An energetically equivalent fourfold states of magnetic vortex structure in ferromagnetic 
nanoelement has high thermal stability and an intriguing dynamic properties. It receives a great attention 
for developing an information storage device and nano-oscillator. It is considered that its magnetization 
distribution is uniform along thickness. Based on such assumption, most of simulation and analytical 
approaches related to the magnetic vortex is performed. However, when the thickness of nanelement is 
relatively thick (> ~ 70 nm). The magnetization distribution of magnetic vortex is no longer 
homogeneous. It causes a novel dynamics of magnetic vortex such as higher-order dynamics reported 
in [18-22] which cannot be observed in thin nanoelement. This thesis deals with magnetic vortex 
dynamics under an in-plane rotating magnetic fields and an out-of-plane spin-polarized current by 
micromagnetic numerical simulations in relatively thick circular disk. Also, it treats a chaotic formation 
of magnetic vortex and its control. 
In relatively thick circular disk, the magnetic vortex shows a reported gyrotropic motion under a 
rotating magnetic field of eigenfrequency with low amplitude. However, as increasing amplitude, this 
linear gyrotropic motion disappears and the complex nonlinear gyrotropic motion appears instead of 
vortex core reversals. It shows dramatic time-varying gyro-radii and velocity and it causes the tearing 
up vortex core at the surface. A torn vortex core called vortex tube structure consist of antivortex-vortex 
pair. It is annihilated by combination of antivortex-vortex pair with opposite polarization and vortex 
pair. This complex dynamics is a topologically trivial process and it is revealed by conservation of 
topological numbers, such as winding number n and skyrmion number q. 
Such nonlinear dynamics appears when DC spin-polarized current is applied to the magnetic vortex 
structure along out-of-plane direction. Whether chirality is counterclockwise (CCW) or clockwise (CW) 
and whether a circumferential Oersted (OH) fields is considered or not determines the vortex dynamics. 
In relatively thick nanoelement, both spin transfer torque (STT) and OH fields can make the size of 
vortex core. Accordingly, only STT can make the shift of eigenfrequency. In our system, only vortex 
core reversals can be achieved when chirality is CW. However, DC spin polarized currents make vortex 
core reversal achieved. It spends a lot of time due to radial symmetry when the vortex core is not initially 
shifted.  
We found that a new mode of magnetic vortex which exists in thick nanoelement. It is corresponded 
to the size oscillation of vortex core induced by STT and OH fields, which called beating mode and 
higher order beating mode in this thesis. Through resonant excitation using AC spin-polarized current 
along out-of-plane direction, we can achieve ultrafast vortex core reversal. This beating mode can be 
excited by out-of-plane sinusoidal magnetic fields but its intensity is small compared to the excitation 
by spin-polarized currents. Finally, this thesis shows the chaotic behavior and inherent symmetry 
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breaking in the nucleation of magnetic vortex and we show that it can be manipulated simply by the 
breaking of the static- and dynamic-symmetries.  
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